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This report was prepared by Falcon Research and Development Company,
Denver, Colorado, under the terms of Contract DA "-177-ANC-415(T).
it consists of an evaluation of the properties of emulsified fuels
which were felt to be related to crash conditions and smell-arms
ballistic attack.

The evaluation of the results shove that emulsified fuels have
properties which would be expected to contribute significantly
to the reduction of losses of Army aircraft from both post-crash
fire and small-arms attack. A direct comparison of the results of
these experiments and actual field conditions is impossible because
no two crashes or small-arms attacks occur inder the same conditions.
These experiments were designed to evaluate general properties which
were felt to be related to the overall safety criteria associated with
aircraft fuel. Only by full-scale usage can the exact safety advan-
taps be determined.

It should be pointed out that the emulsified fuels used in these
tests were not made from the am base JP-4 stocks, that they were
not manufactured in the same manner, and that they were evaluated
at different *pag and physical conditions. Thus, detailed compari-
sons should sot be made of specific emulsions; rather, the results
should be evaluated as to the general performance of emulsions as
compared to JP-4.

The conclusions and recomendations contained herein are concurred
in by this Command. However, this concurrence does not imply that
this Ccmand feels that this report completely evaluates the relative
advantages of JP-4 and emulsified fuels. Additional testing of a I
more definitive nature is needed to establish more reliabLe. pompri-
sons of different emulsified fuels and liquid Jr-4.
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This evaluation of emulsified JP-4 has concentrated upon the
fuel properties which relate to the ignition and propagation
of fire under the conditions of ballistic attack and survi-
vable aircraft accidents. The specific akeas of study and
testing include the following:

1. Fuel combustion rates as a function of air velocity
and air temperature.

2. Fuel vaporization rates under closed-tank and vented-
tank conditions.

3. Fuel permeability.

4. Fuel dispersion characteristics under conditions
of high-velocity ballistic impact and spillage
from heights of up to 20 feet.

5. Ease of fuel droplet or spray ignition with various
energy sources.

6. Fuel and tank panel behavior when hit by functioned
incendiary bullets.

7. Fire extinguishing ease with a variety of extin-
guishants against a standardized fire.

8. Self-sealing panel performance with fuel emulsions.

The fuels tested included liquid JP-4 and three JP-4 emul-
sions. These emulsions were designated NB?, BF4-104, and
WSX-7165 and were developed by Monsanto Uesearch Corporation,
Petrolite Corporation, and Boso Research and Engineering
Company, respectively. All but the Petrolite product wore
developed under U. S. Arfy sponsorship. The ballistic fir-
ing tests employed caliber .30, caliber .50, and 20 em
ammunition sizes and involved fuel tank material responses
with conventional self-sealing panels, crash-resistant
panels, and coagulant-sealing tank panels.

The WSX-7165 fuel was shown to burn more slowly than liquid
JP-4 or the other emulsions tested when the air velocity
across the fire was higher than about 20 feet per second.
At lower air velocities, all fuels burned at similar rates
per unit of fire surface.
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The emulsified fuels vaporize much more slowly at 70OF than
liquid 3P-4. ViF and 314-104 emulsions took nearly ten
timeoi as long to form an explosive fuel-air mixture as did
the liquid fuel, and the WS2-7165 took 100 times as long.

fte f•el dispersion characteristics of the emulsions were not
greatly different from those of liquid 3P-4 under the high-
velocity impact conditions of the tests. The emulsified fuels
did cohere somewhat longer, to form larger fuel droplets and
to maintain slightly narrower dispersion patterns.

The regions of most probable ignition were smaller for the
emulsified fuels than for liquid JP-4 with both electric
spark and hot-metal surface ignitors. Fuel ignitions were
accomplished with all ignitors and all fuels under the more
favorable conditions.

Tests with incendiary munition showed that fuel fires can
be started by incendiary rounds functioned outside of all
types of tank material in combination with all of the types
of fiel tested. The fires produced with emulsified fuels
were generally smaller and more easily extinguished than
similar fires with liquid JP-4..

Water fog, sand, water, and air were able to extinguish
emulsified fuel fires faster and with less extinguishant
than was required for similar liquid JP-4 fires. Dry chemi-
cal, C02, and liquid foam extinguishant. were equally effec-
tive against all fires.

%he emulsified fuels were found to react well with conven-
tional self-sealing tank materials and were much more apt
to be retained in a severely damaged tank than liquid JP1-4.

The emulsified fuels were prepared from different batches of
J3-4 and were prepared by different processing methods, thus
care should be exercised in making direct comparisons of
these 31-4 emulsions.

it Maa been concluded from this study that emulsified fuels
offer opportunities for greater aircraft survivability from
several standpoints, but that they may be employed most
aedvantageously an a part of a total passive defense system
for aircraft fuel.
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I. INTRODUCTZON

Thickened or solidified fuels for use in aircraft have
received intensive study during the past five years. Ini-
tially, gels were developed and tested for this purpose:
more recently, a variety of fuel emulsions have been for-.
mulated and subjected to testing in aircraft fuel system
components.

The objective of this continuing effort to adapt thickened
fuels to aircraft has been a major reduction in the loss of
life and property which is associated with crash fires and
with combat fires resulting from enemy action. It is clear
that many aircraft and many human lives are continuing to
bo lost in fires following aircraft crashes which would have
been survivable from the standpoint of the impact forces
alone. Liquid fuels run out of damaged fuel lines and tanks
and form large pools of fire under and around the aircraft.
Similar leakage of fuel and spreading of fire take place
within aircraft structure following bullet perforations of
fuel systems. Solid fuels would resist this disastrous
spreading of fire to the extent that they resist flow from
damaged components. The candidate solidified fuels may also
be of value in reducing the probability of fire ignition,
reducing fire intensity, or increasing the ease of fire
extinguishment.

This program has sought to evaluate these latter aspects of
the emulsified fuels included in the study. The flow proper-
ties and apparent viscosity of the fuels have been investi-
gated by the fuel developers and by organizations such as
the U. S. Army Fuels and Lubricants Laboratory. Thus, fuel
rheology, important as it is to every aspect of fuel use
and safety, was not under direct study in this program.

This effort has included an investigation of the rate at
which candidate fuels are consumed, in a constant area fire,
under varying wind conditions. The rates at which vapors
escape from the fuel surface and form explosive mixtures
with air have been determined. Also, other technical areas
such as the fuel dispersion patterns which result from high-
velocity bullet impacts and fuel spillage from heights up
to 20 feet have been studied. The fuel ignition suscepti-
bility of these fuel or droplet patterns with electric sparks, II
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hot-metal surfaces, and incendiary ammunition bursts has
been measured. Finally, the project personnel have com-
pleted a series of extinguishing tests that provided
quantitative data relative to the fire extinguishment
susceptibility of emulsified fuel fires to a variety of
extinguishing.agents.

A related effort has considered the action of emu:sified
fuels upon conventional self-sealing fuel cell construction,
upon crash-resistant panels which have no sealing layer, and
upon self-sealing materials which provide a coagulant layer
to achieve wound closure.

It is hoped that the information which is provided will be
useful in judging the merits of the fuel emulsions studied
and that the reported data will offer guidance for the
development of even more advancad fuels in the continuing
search for safer sources of energy for aircraft.

2



11. FUEL-BURNING RAT EVALUATION

A. DISCUSSION O' MTH TEST SERIES

The intensity of a fire is largely determined by the rate
at which fuel is vaporized and reacted with oxidizer. This
series of tests was designed to determine the potential fire
intensity of the fuels of interest as a function of air
velocity and air temperature. The data will be presented
in units of fuel consumed per minute. The grams per minute
may be converted directly to heat released by multiplying
by 40 BTU per gram.

The arrangement of the test equipment was as shown in
Figure 1.

Test Plan No. 3, to be found in Appendix II, presents the
detailed procedures used in the tests. The most signifi-
cant factors are as follows:

1. The burning of the fuel was continuous from igni-
tion to extinction.

2. One thousand grams of fuel were burned in an
8- by 8-inch pan for each test run.

3. Time was recorded to the closest second from fuel
ignition to the time of consumption of each 100-
gram increment of fuel.

Figure 2 shows the appearance of the pan of burning fuel
for typical runs. Note that the flame is quite laminar but
that it spreads out from the sides of the pan as well as
directly downwind. Note also that there is little or no
flame along the upwind edge of the pan.

Liquid fuel tended to "pile up" along the downwind edge of
the pan at high airflow rates, but the emulsified fuels did
not present this problem. The emulsions were more likely
to burn rapidly along the downwind side of the pan and leave
a mound of burning fuel on the upwind side of the pan during
the latter stages of a burn test. With the NEF and EU4-104
emulsions, sufficient liquia fuel was produced by the beat
of the fire to maintain the 64-square-inch fire surface

3
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Figure 2. The Appearance of Fuel Burning in the Couubustion
Rate Test at Two Air Rate*.



throughout most of the test run. With the burning WSX-7165
fuel, very little liquid was liberated from the emulsion by
the heat of the fire. Thus, this fuel actually burned the
pan dry on thea downwind side, toward the. end of the run,
while a substantial lump of fuel continued to burn on the
upwind side of the pan.. In this case, the burning surface
area was reduced late in the run.

B. T EFFMCT OF 3A M VELOCITY O BDMNW3 AM

The effect of air velocity on burning rate was determined
by running tests at 5, 15, and 25 feet per second while
holding the temperature constant at about 700F. At least
two rune were completed at each condition. Thus, the data
presented in Figures 3 through 6 are an average of the
values from two or more runs. Burn rates are plotted at
the midpoint of each time interval. Thus, the distance
(in time units) between plotted points varies as the burn-
ing rate varies.

Generally, the burning rates were quite reproducible, and
the averaged values were often very close together. It is
believed that the data presented accurately represent the
rates at which fuel is consumed under the test conditions
and that even the apparent irregularities in the curves are
significant. Bach curve may be thought of in terms of
three separate regions. First, there is an ignition and
rapid beating period during which the fuel and its environ-
mert are changing temperatures rapidly. This lasts from 1
to 3 minutes while the first 10 to 15 percent of the fuel
is being consumed. This period is followed by a relatively
straight and often flat portion of the curve where the burn-
ing rate is constant or is increasing gradually as the fuel
mass continues to be heated by the flame. About 70 percent
of the fuel is consumed during this portion of the cycle.
Finally, toward the end of the burn, the mass of the burn
pan exceeds the mass of the remaining fuel and thus the
heat transfer characteristics of the fuel container may

became a dominant factor in the determination of the fuel-
burning rate. This final phase of the cycle consumes the
last 10 or 15 percent of the fuel and may be the least
significant portion of the plots which are presented.
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The central region of the plot is the most significant, and
thus the most relevant comparisons between fuels and burn
conditions can be made in this portion of the curve. An
examination of these data quickly reveals two significant
points. First, the burning rate is influenced greatly by
the velocity of the airstream across the fuel. Second,
all fuels burn at similar rates under similar test condi-
tions with the single exception of the WSX-7165 emulsion at
the highest air rate. This emulsion burned at a somewhat
lower rate than the other fuels under each airflow condi-
tion,but the difference really becomes dramatic at the air
rate of 25 feet per second. The peak burning rate for the
WSX-7165 fuel is little more than half the peak rates deter-
mined for the other fuels under this wind condition. This
is a 15-knot wind and may surely be expected to be present
in the crash environment of some aircraft fires.

The reduction in burning rate for the WSX-7165 emulsion seems
to be the result of the very great thermal stability of this
fuel. The other emulsions were partially broken by the
heat of the fire so that a significant quantity of liquid
fuel was always present in the pan. The WSX-7165 burned
from the emulsion surface with very little, if any, liquid
fuel apparent. Thus,the controlling rate process for the
vaporization of fuel may be expected to be quite different
for the WSX-7165 fuel.

At the lower air velocities, the differences between the
burning rates for the four fuels are slighte although they
are greater than experimental variation and are thus sta-
tistically significant. A burning rate of 40 grams per
minute Ct 15%) at an air velocity of 5 feet per second would
satisfactorily approximate the burning of all fuels at this
air rate. Similarly, a value of 70 grams per minute Ct 15%)
would cover all fuels at 15 feet per second. Expressed in
other terms, all fuels tested may be expected to release
3,000 to 4,000 BTU's per minute per square foot of burning
fuel surface in a 3-knot wind. The heat release will
increase to 6,000 to 7,000 BTU's per minute per square foot
of fuel surface in a 9-knot wind and will exceed 10,000
BTU's per minute per square foot of fuel surface in a
15-knot wind if the emulsified fuel is partially broken by
the heat of the fire.

11p



C. THE EFFECT OF AIR TEMPERATURE ON BURNING RATE

A second aspect of the fuel-burning rate study provided
data relative to the effect of air temperature on fuel-
burning rates. Tests were conducted at 400F, 70OF, and
110OF (*.5O) for each fuel. For these tests the air veloc-
ity was held constant at 15 feet per second. Figures 7
through 10 present the results of these tests. Each plotted
line represents an average of at least two runs.

An examination of these data clearly indicates that fuel
burning rate is not dependent upon air temperature to any
significant extent. The slight differences between runs is
to be attributed to slight variations in air velocity rather
than to any other factor. It should be noted that exhaust
ventilation supplied a major portion of the motive forces
used to move the controlled airstream. The air velocity
was thus somewhat affected by wind conditions outside the
building and it was not possible to control this parameter
more closely than about ± 5 percent.

D. CONCLUSIONS

In summary, the work conducted under this phase of the pro-
gram has shown that fuel burning rates are highly dependent
upon air velocity and are independent of air temperature.
The MEF and EF4-104 fuel emulsions burned at rates which

were very close to the burning rates for liquid JP-4 under
the same conditions, although the peak burning rates in any run
generally were lower for emulsions than for liquid JP-4 fuel.
The WSX-7165 fuel burned at slightly lower rates than any
other fuel under the lower air velocity conditions and at
a much lower rate at the 25-feet-per-second wind condition.
It must be concluded that emulsified fuels provide only a
marginal safety advantage over liquid fuels when judged only
by the single criterion of fuel-burning rate per unit of
fire surface. Their advantage in this respect is greatest
when the emulsions are very stable in the fire environment.
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III. FUEL VAPORIZATION STDY

A. DISCUSSIoN OF THE TESTS

Aircraft fuel tanks are generally vented to the atmosphere,
and thus they contain air in the space above the fuel.
Vapors from this fuel also escape into this space and
become mixed with the air through convection. initially,
the fuel-air mixture may contain only a very small percent-
age of fuel vapor, and thus it will not propagate an explo-
sion. Such mixtures are referred to as "lean". As time
goes on, more and more fuel vapor is added to the mixture.
This vaporization process is dependent upon the temperature
and pressure under which the action is taking place and upon
the molecular composition of the fuel. The vaporization
process can also be affected by mechanical barriers such as
the external phase of an emulsion or a layer of plastic film.

As the fuel vaporization process continues, a point may even-
tually be reached at which the mixture of fuel and air
molecules will propagate a flame front. This is generally
referred to as the "lean explosive limit" or simply as the
"lean limit". Explosions of aircraft fuel vapors near this
limit are characterized by a very blue flame. As vaporiza-
tion of fuel continues, the strength of the explosive wave
will increase and the color of the flame will move toward a
white or yellow white. If vaporization of fuel continues
long enough, the ideal (stoichiometric) mixture of fuel vapor
and air will be passed, from this point on, additional
quantities of fuel will weaken the explosive wave and will
cause the color of the flame to become more red or orange.
Finally, a fuel-air mixture can be reached where there are
so many fuel molecules in tho mixture that a flame will not
propagate. Fuel-air mixtures which are near this composi-
tion are referred to as being near the "rich limit". Mix-
tures which contain more fuel vapor than this will not
propagate a flame front,

One way of understanding these explosive limits is to con-
sider a single fuel molecule reacting with the surrounding
oxygen molecules. A fuel molecule contains maiy atoms of
carbon and hydrogen which are capable of reacting with atoms
of oxygen when collisions occur. The reactions release chemi-
cal energy but will occur only if the colliding molecules

17



are sufficiently activated (hot enough). As the energy of
reaction is released, it raises the activation or tempera-
ture of the reaction product moLecules; raises the tempera-
ture of molecules of fuel. oxygen, and nitrogen which are
near the point of reaction; and radiates energy in the form
of light and heat to distant surfaces. If the net effect
of this total process provides activated adjacent fuel and
oxygen molecules which can react, and maintains them in this
activated state until they collide and do react, the process
is self-propagating and the reaction proceeds to the extent
of available mixture. If the net effect of the initial
reaction cannot provide enough energy to heat all of the
adjacent molecules to the required level and maintain them
there until the required collisions occur, a net cooling
takes place and the flame will not propagate. This expla-
nation may be a slight oversimplification, but it should
help to show that "lean" mixtures fail to propagate an explo-
sion because too many nitrogen molecules must be heated
before the next fuel-oxygen collision occurs and that "rich"
mixtures fail because too many fuel molecules must be heated

- . before the next fuel-oxygen collision takes place.

Vapor space explosions in aircraft can be very destructive
and thus it is desirable to eliminate or retard their forma-
tion. This potential of the candidate fuels was evaluated
in the series of tests performed.

The tests were conducted in an explosive chamber as shown
in Figure 11. Three different types of tests were performed
with each fuel as described in Test Plan Number 4, which
is given in Appendix Zf. The three types of tests can be
differentiated as follows.

I. Open fuel in a sealed chanber.

2. Open fuel in a precisely vented chamber.

3. Znclosed fuel in a sealed chamber.

The minimum time required to reach the "lean limit" was
determined in the first and third types of tests. The
minimum vent airflow rate needed to prevent the formation
of an explosive mixture was determined in the other test
series.
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The vaporization properties of the four batches of JP-4
which were used in the tests, either as liquid fuel or as
emulsified fuel, have a direct bearing on these tests. All
fuels met the requirements of Specification MIL-T-5624G,
but this specification permits considerable latitude in the
distillation characteristics of the fuel. The distillation
requirements of the specification ask only that 20 percent
of the fuel be distilled off at temperatures belowv 290OF;
50 percent, below 3700o; and 90 percent, below 4700o. Some
other constraints are placed upon the distillation proper-
ties indirectly by other specification requirements, such
as specific gravity, percent aromatics, smoke point, and
Reid vapor pressure, but the three temperature maximums are
the only direct requirement.

The inspection report for each batch of JP-4 has been pro-
vided: these reports are given in Appendix I. The dis-
tillation curves for these fuels have been extracted from
the inspection reports and are plotted in Figure 12. It
is clear that there are significant differences in the fuels
used. The magnitude of the effect of these differences upon
the results of these tests is not clear, but it is believed
to be small. Note that the JP-4 used to formulate the MEY
and 314-104 emulsions actually had more of the light ends
than the liquid JP-4 had. The WSX-7165 had substantially
less of the low boiling fraction than any of the other fuels,
but it is doubtful if even this great a change in composi-
tion could account for a tenfold change in vaporization rate,
as was noted. In order to make clear definitive comparisons
,of the vaporization rates of the emulsified fuels, it
would be necessary to make samples of all three fuels from
the sname JP-4 using a closed manufacturing system.

Fresh fuel was used for each test. It was measured into a
separate container just prior to each test and then placed
into the test container and leveled just as the test was
started. While it was not possible to do this quite instan-
taneously, it never required more than 10 or 15 seconds, and
it is believed that the reproducibility of this procedure
was sufficient for the purposes of these tests.

A small fan blade was turned by a sealed shaft extending
through the wall of the explosion chamber. This stirring
action kept the fuel-air mixture essentially homogeneous
at all times. While this condition is not representative

20
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of conditions within an aircraft tank, it was necessary to
achieve acceptable uniformity in the test results. It was
used with both the sealed chamber tests and the tests
involving a flow of venting air.

Explosions were initiated by a high-voltage spark. The
spark was introduced into the chamber by an automotive spark
plug. The appropriate coil and condenser were used to gen-
erate the energy pulse, and a relay was used to provide the
action of the distributor points. Good sparks were produced
in this way. It should be noted, however, that a spark is
not a very precise phenomenon in itself. The ionization
path varies considerably from one spark to the next and does
not necessarily follow the shortest distance between the
conductors. This type of spark was very satisfactory for
the tests which were accomplished. It is probable, however,
that some variation in results was due to variations in
sparks from one trial to the next.

The explosions always had sufficient force to blow the 4-
inch pressure relief disc, and a flame passage was always
witnessed visually. Often the fuel surface was briefly
ignited by the explosion. Such fires went out within a
very few seconds because of a lack of air in the chamber.
Whenever fuel was spilled by the explosion, it was cleaned
up with a soap and water solution and the chamber was dried
and aired before a subsequent test.

The fuel surface area was 8 by 8 inches, and the volume of
the chamber was 0.75 cubic foot. Tests were performed under
Imbient pressure (5,000-foot altitude) and a nominal tam-
perature of 75Or.

5. EXPjS 02w V P ORN-ATION ATM O N L IN A

This condition helps to explain the condition within an air-
craft fuel tank and may be used as a guide in considering
the hasards associated with vapor space explosions in fuel
tanks.o

Figure 13 presents the results of this test series with the

four fuels. These data were generally reproducible within
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Figure 13. Time to Reach a Lean Explosive Mixture in the
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.t 15 perceiit of the time values, and each value was substan-
tiated by at least two successes and two failures within
these limits.

There is nearly a tenfold decrease in the vaporization rate
of the 11F and M14-104 emuls.iLons when they are compared with
liquid JP-4. There is a further tenfold decrease in vapori-
zation rate between these emulsions and the WSX-7165 emulsion.
While these low vaporization properties are generally advan-
tageous in reducing the fire vulnerability of aircraft, it
should be pointed out that under some circumstances this
property can work against the desired objective. While it
will take much longer for a fuel tank to become explosive
with the fuel emulsions, it will take a corresponding greater
length of time to reach the "rich limit" in the tank; thus, a
tank will be explosive for a longer period of time once the
"lean limit" has been passed. For example, if liquid JP-4
reaches the "lean limit" in 30 seconds, it may be expected
to reach a "rich limit" in 3 to 5 minutes. The emulsions
which reach the "lean limit" in about 5 minutes will take 30

* °minutes or more to reach a rich limit, and the WSX-7165 will
take 5 to 10 hours to reach the rich limit in this test cham-
ber. The equilibrium mixture for most Army aircraft operat-
ing conditions will be well beyond the rich limit; thus, a
thorough analysis of the advantages or disadvantages of this
property must consider the mission profile, altitude changes,
fuel consumption rates, slosh and vibration, etc.

C. MUNIMMi VU•2 AIRFLOM RATES TO PREVENT EXPLOSIVE VAPOR

A stream of venting air through a fuel tank will continuously
remove some fuel vapor from the tank if only fresh air is
brought in and the exhaust stream contains fuel and air. If
the fuel vaporization rate were truly constant, an air change
per time interval to reach the explosive mixture (30 seconds
for JP-4, etc.) would be required. In this test chamber, the
fuel quantity was far from infinite and the fuel was not main-
tained in an isothermal condition; thus, fuel vaporization
rates decrease as the test proceeds. This permits the slimi-
nation of the explosive hazard with somewhat less air than
constant vaporization would predict. Figure 14 presents the
results of this series of tests with the four fuels. Very

24



reproducible data were possible with the first three fuels.
With the WSX-7165, it was not possible to measure vent air-
flow rates to the extremely low levels required to permit
an explosive accumulation of fuel vapors. The value shown
on Figure 14 for this fuel is an estimate, but it is suf-
ficiently accurate for any practical purpose.

The use of a vent airstream through the vapor space of tanks
containing emulsified fuel is clearly a very practical way
of eliminating the vapor space explosion hazard. It is
probable that vapor space protection for a 100-gallon tank
of WSX-7165 emulsion could be provided at an airflow rate of
about 1/4 cubic foot per minute and that similar protection
could be given MEF or EF4-104 emulsions at an airflow rate
of no more than 4 or 3 cubic feet per minute. These are
rates which are easily achieved by impact air alone and
could be provided in aircraft at a minimum weight penalty
and dollar cost.

This is not a practical approach with liquid fuels for the
following reasons. First, as much as 50 cubic feet per
minute of venting air would be required to protect the 100-
gallon tank of fuel if the surfaces could be held quiet in
flight. To the extent that sloshing and misting of fuel
take place in a particular tank, additional vent air would
be required. The emulsified fuels are much less subject to
sloshing than is the liquid. Second, the amount of fuel
leaving the system in the vent air, just to prevent the
explosive mixtures, becomes significant at high vent rates.
This fuel loss could impose a substantial weight penalty if
vent air were used to protect aircraft which burn liquid
fuels. Thus, vent air protection is recommended for the
tanks on any future Army aircraft employing fuel emulsionx,
but vent air is not recommended for present aircraft fuel
systems.

D. EXPLOSIVE VAPOR FORMATION RATES THROUGH THIN BLADDER
MATERIAL

Earlier studies have proposed the use of fuel bladders as a
means of reducing the tank vapor space explosion hazards or
as a means of achieving fuel flow from an emulsion- or gel-
filled tank. The investigation cotapleted under this phase
of the project yields quantitative data relative to the
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fuel permeability of one candidate material and provides a
basis for estimating the fuel permeability of thicker blad-
ders of this material or bladders formed from other materials.

The same explosive test chamber was used for the bladder
investigation as for the studies reported in sections B and
C. A series of tests was completed with liquid JP-4 and
each of the three emulsions.

The bladder material selected was a 4-mil clear polyethylene
film manufactured by the Ethyl Corpor'ation. Bladders which
would just fit in the pan used for the open fuel tests were
formed fron this sheet material. Fuel was then placed in
each bladder, air was removed, and finally the bladder was
sealed with heat. Pilled bladders were carefully inspected
for signs of leakage after sealing. Only those which were
completely sealed were used in the explosive vapor tests.
All sealed bladders were permitted to stand at least 24 hours
after filling so that equilibrium permeation rates through
the bladder could be achieved. The filled fuel bladders were
dry tc the touch and gave no visual indication of fuel loss.
Periodic weighing of the bladders showed that they continued
to lose weight at a nearly constant rate for many hours. The
average rate of fuel loss from these filled bladders over a
period of five days was as follows.

TABLE I
FIVE-DAY WEIGHT LOSS RATES FOR FUEL IN BLADDERS

_. ...... Puel TyMe Permeation Rate

JP-4 0.95 gram/hour

MEF 0.55 gram/hour

ZF4-104 0.65 gram/hour

WSX-7165 0.50 gram/hour

A slight tendency for the permeability rate to rise briefly
following handling was nc¢ted, ;t ii. general the ratms were
quite constant and did not differ greatly evan between fuels.
This indicates that the permeation of the polyethylene film
is the controlling rate process involved.
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Lean explosive mixtures above the bladders were spark ini-
tiated in the test chamber at times between 1-1/2 and 2
hours for JP-4, NEF and EF4-104. As might be expected,
there was a significant scatter in these data; however, no
explosions were possible in less than 90 minutes with any
fuel, and explosions were repeatedly achieved at times
between 90 and 120 minutes with each of these fuels. The
WSX-7165 fuel never produced an explosive vapor mixture in
the tests completed. The reason for this is not clear,
since the weight loss rate for this emulsion is quite close
to those for the other emulsions tested. Explosions were
expected at about 2 hours, but repeated attempts at times
from 1 hour to 8 hours, failed to produce explosions, even
though weight loss values clearly indicate that enough fuel
vapor was present. A butane torch was used to ignite the
fuel vapor through the pressure relief diaphragm following
one test of the WSX-7165 fuel which had run for 5 hours. The
vapors were ignited with difficulty, and only a very soft
blue flame propagated through the chamber. This had the
appearance of a mixture which was below the lean limit, but
weight loss data indicated that nearly twice the minimum
amount of fuel vapor was present. It may be assumed that
some additive of the fuel emulsion inhibited flame propaga-
tion under these test conditions, but the scope of the
program did not permit a thorough investigation of this'
phenomenon.

Z. 2ONCLUSIZONS

1. These data indicate that the fuels of interest will per-
meate a polyethylene bladder and very probably would permeate
any other elastomeric material that can be wetted by the fuel.

2. The permeation rates are of the order of 1 to 3 grams per
hour per square foot of bladder for a 4-mil-thick material.
Thicker materials should produce proportionately lower escape
rates for the fuel.

3. A small vent airstream through the vapor space of collap-
sible bladder tank containers should be sufficient to prevent
explosive fuel-air mixtures from forming outside the bladder.
This is true for liquid JP-4 or for any of the emulsified
fuels.
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4. The apparent lack of explosive mixtures above bladders
filled with WSX-7165 fuel cannot be fully explained at this
time. This apparent behavior may have implications to the
previous explosive vapor formation rate studies.
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IV. nFUL DISPRSISON STUDY

The semisolid nature of the emulsified fuels is one of
their most outstanding properties. This property will
reduce or eliminate the drainage of fuel from a damaged
fuel tank and will have some effect on the splatter and
droplet breakup patterns of fuels subjected to even the
most severe impact conditions. Two such conditions were
selected for study with the fuel emulsions under investiga-
tion. First, the fuel breakup patterns associated with
fuel falling onto a hard, flat surface, such as a runway,
were determined; second, the spray patterns associated with
bullet impacts on aircraft fuel tanks were investigated.
These conditions relate to the hazards associated with
crash fuel fires and with flight fuel fires started by
incendiary ammunition. The detailed test plan for the
study of fuel dispersion is given in Appendix I1.

&A. F DROP SPLATTER AND DISPERSION

The tests involving fuel falling onto the hard, flat surface
were conducted under the conditions indicated by Figure 15.
Throe drop heights were used in these tests: 5, 10, and 20
feet. The fuel mass was contained within a 1/2-mil poly-
ethylene film and was approximately spherical in shape.
The drops were started by a solenoid release mechanism,
and the fuel was guided to the impact point by a pair of
vertical wires. The tests were conducted outdoors, but
great care was exercised to insure that ambient wind condi-
tions did not influence the tests. Drops were made only
when the air was still. Fuel impacts with the concrete
surface were photographed at a rate of 2000 frames per
second. This permitted a rather detailed determination
of the way in which the fuel mass deformed, expanded, and
eventually broke up into individual droplets which were
scattered through the air following an impact. Figures 16
and 17 show three frames from the films of typical fuel
drops. In each instance, the fuel is observed to first
spread and then rebound upward in an expanding, roughly
hemispherical mass. This body of fuel is a continuous mass
or a closely packed group of droplets which appears nearly
continuous for some distance. Finally, the fuel breaks up
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23 Milliseconds
After Impact

65 Milliseconds

77

Ill Milliseconds

Figure 16. The Development of JP-4 Spray for a 20-Foot Drop
onto a Concrete Surface.
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32 Miliiseconds

After Impact
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252. Milliseconds

Figure 17. The Development of an 14EV Emul~sified Fuel Spray
for a 20-Foot Drop Onto a Concrete Surface.
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into separate droplets or chunks,which fly through the air
until the force of gravity brings them to the surface again.
Individual fuel particles spread as far as 10 or 15 feet
from the drop point on each test. A careful analysis of
the film records showed that the closely packed fuel expanded
to a radius of 1-1/2 to 2-1/2 feet before discrete particles
of fuel could be clearly observed. The drops from 20 and 10
feet were not significantly different in this respect. Drops
from a height of 5 feet did not produce consistent rupture of
the thin film containing the fuel, and thus the 5-foot drops
were not subject to detailed analysis.

A slight difference in the radius of expansion before indi-
vidual fuel droplets became visible was apparent for two of
the fuel emulsions. Liquid JP-4 and the 8F4-104 emulsion
expanded to radii of 1.2 to 1.7 feet, while the MEF and
WSX-7165 emulsions appeared to cohere longer to radii of
2.0 to 2.8 feet. The particles of fuel which continued
beyond these radii were substantially larger for all of the
emulsified fuels than for the liquid JP-4. The photographic
resolution was not great enough to permit accurate deter-
mination of the size or number of particles produced, but an
examination of Figures 16 and 17 will indicate the larger
particles present with the emulsified fuel.

Figures 18 through 27 show the types of fuel patterns that
were made on the concrete surface and the backboard by these I
fuel drops. It should be noted that much of this fuel on
tho surface results from the second hit of the fuel rather
than the first. It is clear that a major proportion of the
fuel rebounds from the surface after the first impact. How-
ever, much of this fuel is projected upward within 1 or 2
feet of the original axis of the drop, and thus most of it
again falls to the surface near the original impact point.
Liquid JP-4 produces an area of several square feet that is
continuously wetted. The emulsified fuels produce smaller
continuously wetted areas and show a substantial number of
blotches of fuel which are remote from the impact point.

Fire will propagate over the continuously wetted areas with
any of these fuels, but generally fire will not propagate
between separated spots of fuel on the surface. The reduc-
tion in the size of the continuously wetted surface areas
for the emulsified fuels is a significant advantage for
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Figure 18. Liquid JP-4 Spillage and Splatter Pattern for
250 Grams Dropped From 20 Feet.

:6P

Figure 19. Liquid JP-4 Fuel Splatter Pattern on Concrete
Surface for 250 Grams Dropped From 20 Feet.
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Figure 20. Liquid JP-4 Spillage and Splatter Pattern for
250 Grams Dropped From 10 Feet.

Figure 21. Liquid JP-4 Fuel Splatter Pattern on Concrete
Surface for 250 Grams Dropped From 10 Feet.
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Figure 22. MEF Fuel A~mulsion Splatter Pattern for 250 Grams
Dropped From 20 Feet.

Figure 23. MEF Fuel Emulsion Splat~ter Pattern on Concrete
Surface for 250 Grams Dropped From 20 Post.

37



figure 24. 314-104 Fuel Emulsion Splatter Pattern for 250
Gramns Dropped From 20 Feet.

~ .*~~' f

Figuare 25. 314-104 Fuel Zinulajon Splatter Pattern on Con-
crete Surface for 250 Grams Dropped From 20 Feet.
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Figure 26. WSX-7165 Fuel Emulsion Splatter Pattern on Back-
board for 250 Grams Dropped From 20 Feet.

Figure 27. WSX-7165 Fuel Emulsion Splatter Pattern on Con-
crete Surface for 250 Grams Dropped From 20 Feet.
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these fuels. The increased size of the individual particles
of fuel with emulsions is also considered to be an advantage,
since it reduces the probability of a dropletl' encountering
an Ignition-source, reduces the fuel surface in the cloud
from which vaporization can take place, and may tend to make
ignitions more difficult because of the cooling effect of a
large drop of fuel's encountering a small heat source.

B. BALLISTIC RESEAMCH LABORATORIES FUEL NOMZLE DISPERSION

It has long been known that an incendiary bullet ignites a
spurt or spray of fuel which is forced out of the tank after
the bullet enters. This spray leaves through the hole made
by the bullet as it entered and is caused by the high pres-
sure which results from the kinetic energy exchange between
the bullet and the fuel. The nature of this fuel spray is
partially dependent upon the bullet velocity, tank material,
and tank geometryibut over a substantial range of the most
frequently occurring values of these parameters, the sprays
are quite similar and occur in 5 to 7 milliseconds after
bullet impact. Often it is possible to observe a second or
perhaps even a third distinct spray at substantial time
intervals after the first spurt. These are the result of
the pressure wave's bouncing back and forth between the tank
walls as the energy left by the bullet is expended.

Lethality testing with aircraft fuel tanks is qu.te expen-
sive and does not always permit the precise control of test
parameters which is desired. The staff of the Ballistic
Research Laboratories(BRL) at Aberdeen Proving Ground, Mary-
land, found that a caliber .50 cartridge case filled with fuel
could be electrically primed and fired in an aircraft target
environment with excellent results. The spray from this
equipment, which was referred to as the BRL fuel nozzle, or
the BRL fuel spray device, cloely resembled the spray from
caliber .50 bullet hits on self-sealing fuel tanks. The
quantity, velocity, and dispersion patterns of fuel nozzle
tests were acceptably close to the similar values determined
for actual fuel tanks;thus, the fuel nozzle was used
extensively as a research tool at BRL, at Frankford Arsenal,
and at the University of Denver in their study of incendiary
ammunition performance.
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Fuel nozzle tests were included in this study of emulsified
fuels because they were a convenient means of evaluating
differences in the spray characteristics of the semisolid
fuels at a minimum cost.

These tests were performed with specially prepared caliber
.50 cartridge cases to insure that the test results were as
uniform as possible. Cases were cleaned and priihed with
electric primers and checked to be certain that their
mouths were round and smooth. These nozzles were carefully
filled with fuel just prior to each test. Care was taken
to insure that air was not included with the fuel in the
nozzle, and the mouth of the cartridge case was covered with
a piece of light tissue paper to retain the fuel when it was
in the horizontal firing position.

The nozzles were fired horizontally as shown by Figure 28.
The fuel spray was photographed at 5000 frames per second
and appeared as a shadow because of the strong backlight
provided by the fresnel lens. Figure 29 presents the spray
pattern of liquid JP-4 as it emerges from the nozzle at
about 200 fps. Similar tests were repeatedly photographed
with each of the fuels under investigation. Measurements
of the spray envelope were then made from the film records.

To obtain the measurements of the spray envelope for the
various fuels, these high-speed motion picture sequences were
projected and tracings of selected frames were made. From
the geometry of the experimental setup, an accurate distance
scale was determined for the midplane of the spray. Using
this scale information with the tracings of the spray
envelopes, approximate diameters of the spray plume were
determined for three distances out from the nozzle. One-
half the measured diameters are the values reported in
Table II for the radius values. The spray plume is randomly
asymmetric to the axis of the nozzle, so the tabulated values
are to be considered only as approximations. The velocity
values were determined from the space dimension information
and the measured framing rate of the high-speed camera for
each shot. These data are averages from at least four tests
with each fuel and are presented in Figure 30.

These data indicate that the emulsified fuels have only a
slight tendency to cohere when projected through the air at
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After Firing
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IAS

7 Milliseconds
Figure 29. Liquid JP-4 Spray Emerging Frou the aRL Fuel

Nozzle.
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TAL~E II
RADII OF BRL FUEL SPRAYS FOR JP-4 AND EMULSIFIED FUEL

Average Spray Radius (in.) at Average
Increasing Distances From Nozzle Spray

Velocity
Fuel Type 6 inches- 12 inches 18 inches (ft/sec)

Liquid JP-4 2.1 3.0 3.2 250

ME? 1.8 2.7 2.7 200

EF4-104 2.1 3.0 3.2 200

WSX-7165 1.2 1.7 2.2 140

these high velocities. The dispersion patterns are slightly
narrower for the semisolid fuels, but generally they were
sprayed from the nozzle in dispersions of fine droplets
which were not greatly different from sprayed liquid JP-4.
It is probable that the shear forces acting on the fuel in
the spray are several orders of magnitude greater than the
shear strength of these emulsions.

C, BALLISTIC IMPACT FUEL DISPERSION

While the BRL fuel nozzle is an economical and useful
research tool, it is not quite the same as a bullet enter-
ing a tank of fuel; thus, an extensive series of tests
was included in this program to determine the response
of tanks of fuel to bullet impacts. Three sizes of ammuni-
tion, three types of tank material, and four types of fuel
were employed in the tests; nearly every combination of
these variables was checked. The ammunition types used were
caliber.30 M-2 ball, caliber .50 M-2 ball, and 20 mm ball
M-55A2i each was fired at its normal service velocity from
a range of 100 feet. Each bullet struck the tank face at
zero degrees obliquity unless otherwise noted. Thus,these
hits produce the minimum amount of tank damage and the
minimum amount of fuel leakage for a given set of test con-
ditions. The test fuel tank was set up as shown in Figure
31. The tank panels were clamped between flanges for all
tests. For caliber 30 and caliber .50 tests, a steel cylin-
drical tank was used, with test panels on the ends of the
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cylinder for bullet entrance and exit. This tank had a
14-inch inside diameter and was 36 inches long. For the
20 mm tests 2-foot self-sealing cube tanks were used. The
test panel material was clamped between flanges on the
entrance side of the cube and a circle, 14 inches in diameter,
of the original tank material was removed so that the new
panel was in fact the wall of the test tank. The cubical
tanks were held in place by angle iron supports on the four
vertical edges of the tank, and 1/4-inch plywood was used
as a backing board on the bottom, sides, and exit faces of
the cube. The top of the tank was closed with a steel plate
but the tank was filled only to about 80 percent of its
capacity.

All of the ballistic fuel dispersion tests were witnessed
by a high-speed 16 mm framing camera running at a rate of
about 5000 frames per second. The same backlighting tech-
nique was employed in these ballistic dispersion tests as
had been previously used in the fuel spray tests.

Figure 32 presents several frames from a typical film record.
In this instance,a caliber.50 M-2 ball projectile has per-
forated a crash-resistant tank panel which was contain-
ing the EF4-104 fuel emulsion. A frame-by-frame analysis
of these records provides a determination of the time inter-
val from bullet entry to the start of the fuel spray, the
rate of spray emergence, and the pattern or size and shape
of the spray produced.

Some variation in each of these variables was found; however
the time from bullet entry until the spray emerged was gen-
erally between 5 and 7 milliseconds. Shorter time delays
were generally associated with hits that were closer to the
edge of the panel or to panel materials that were more rigid.
Longer times were noted for well-centered hits or panels that
were more flexible, such as the crash-resistant panels.

The velocity of spray emergence varied somewhat with the
location of the tank wound relative to the edge of the panel
and with the shape of the tear or wound made, but most spray
velocities fell between 50 and 100 fps. Thus actual spray
velocities are somewhat lower than the BRL fuel nozzle veloc-
ities, but the difference is not great enough to degrade
seriously the validity of BRL fuel nozzle data.
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Figure 32. caliber .50 Ballistic Fuel Spray Emerging From a
Tank of 374-104 Fue! Emulsion Confined by a Crash-
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The dispersion patterns were determined by tracing the
spray at various time intervals during its emergence from
the tank wound in a manner similar to that for the BRL fuel
nozzle analysis. The radius of the spray was measured as
it swept past distances of 6, 12, and 18 inches along the
spray axis and generally normal to the tank wall. Thus, a
fuel spray envelope was defined for each spray, out to a
distance of 18 inches from the tank. Within this region,a
spray of fuel droplets must be expected for the test con-
ditions reported. Outside these limits, the fuel spray
is unlikely. It should be noted that the spray patterns
reported are for the visible spray, and it is possible that
some fuel vapor exists outside these limits. This is par-
ticularly probable at greater distances from the tank wall.
Here, the fuel break-, up :into droplets which are too small
to be seen by the camera or perhaps the fuel is completely
vaporized and therefore not visible.

The results of the ballistic dispersion analysis are pre-
sented in Tables III through X and are graphically shown in
Figures 33 through 40.

TABLE III
THE DIMENSIONS OF FUEL SPRAY DISPERSION PATTERNS FOR

CALIBER.30 BALLISTIC IMACTS ON CONVENTIONAL
SELF-SEALING PANELS

Spray Radius (in.) at Increasing
Distances From the Tank Wall

Fuel Typ. 6 inches 12 inches 18 inches

Liquid JP-4 0.7 1.1 0.0
0.4 0.0 0.0
0.0 0.0 0.0

Av. 0.4 Av. 0.4 Av. 0.0
MEF 0.2 0.0 0.0

0.0 0.0 0.0
Av. 0.1 Av. 0.0 Av. 0.0

EF4-104 1.3 1.2 0.9
0.0 0.0 0.0

Av. 0.6 Av. 0.6 Av. 0.5
WSX-7165 0.3 0.0 0.0

0.5 0.7 0.0
Av. 004 Av. 0.4 Av. 0.0
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TABLE IV
THE DIMENSIONS O0 PUEL SPRAY DISPERSION PATTERNS FOR

CALIBER.30 BALLISTIC IMPACTS ON CRASH-

Spray Radius (in.) at Increasing
Distances Piam the Tank Wall

Fuel TYe 6 inches 12 inches I8 inches

Liquid JP-4 0.4 0.0 0.0
2.2 4.0 2.4

Av. 1.3 Av. 2.0 Av. 1.2
MEN 0.7 1.1 0.0

0.8 1.1 1.5
Av. 0.8 Av. 1.1 Av. 0.8

314-104 0.3 0.0 0.0
0.2 0.2 0.0

Lv. 0.2 Av. 0.1 Av. 0.0
WSX-7165 1.1 1.3 0.0

0.9 1.0 0.0
Av. 1.0 Av. 1.2 iv. 0.0

TABLE V
THE DIMENSIONS OF FUEL SPRAY DISPERSIONS FOR CALIBER

.30 BALLISTIC IMPACTS ON COAGULANT TYPE
m14r- Elkr.ING PAEmu

Spray Radius (in.) at Increasing
Di4,,•an•ce Fru the Tank Wall

fuel Type 6 inches 12 inches 18 inches

Liquid JP-4 0.7 0.0 0.0
0.3 0.2 0.3

Av. 0.5 Av. 0.1 Av. 0.2
MP 0.0 0.0 0.0

0.0 0.0 0.0
Av. 0.0 Av. 0.0 Av. 0.0

X74-104 0.0 0.0 0.0
0.0 0.0 0.0

Av. 0.0 Av. 0.0 Av. 0.0
WOM-7165 0.3 0.7 0.0

0.0 0.0 0.0
iv. 0.2 Av. 0.4 Av. 0.0
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TABLE VI
THE DIMENSIONS OF FUEL SPRAY DISPERSIONS FOR CALIBER

.50 BALLISTIC IMPACTS ON CONVENTIONAL
S&LF-Sm"kImG pg~lr""LSpray Radius (in.) at Increasing

Distances From the Tank Wall
Fuel Type 6,inche . 12 inches 18 inches

Liquid JP-4 2.0 2.8 2.0
1.7 2.3 2.2

Av. 1.8 Av. 2.6 Av. 2.1
MEF 1.7 1.8 2.1

1.0 2.0 2.0
Av. 1.4 Av. 1.9 Av. 2.0

EF4-104 2.6 3.6 3.2
1.8 2.5 2.6

"Av. 2.2 Av. 3.0 Av. 2.9
WSK-7165 1.1 1.5 1.5

1.9 2.4 3.4
1.7 1.8 1.9

AV. 1.6 Av. 1.9 Av. 2.3

TABLE VII
THE DIMENSIONS OF FUEL SPRAY DISPERSIONS FOR CALIBER

.50 BALLISTIC IMPACTS ON CRSWOH-RISTANT PANELS
Spray Radius (in.) at Increasing

Distances From the Tank Wall
FuelType 6 inches 12 inches 18 inches

Liquid JP-4 2,6 4.5 4.1
3.2 3.3 3.2
2.3 3.3 4.2

Av. 2.7 Av. 3.7 Av. 3.8
MEF 1.9 2.5 2.4

2.1 4.2 4.5
Av. 2.0 Av. 3.4 Av. 3.5

EF4-104 2.2 3.4 3.8
5.0 5.9 5.5

Av. 3.6 Av. 4.6 Av. 4.6
WSX-7165 2.4 4.0 4.6

1.5 2.1 2.1
Av. 2.0 Av. 3.1 Av. 3.4
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TABLE VIII
THR DIMENSIONS OF FUEL SPRAY DISPERSIONS FOR CALIBER

J0 BAZAIS TIC IMPACTS ON COAGULANT TYPE SELF-SEALING PANEL
Spray Radius (in.) at Increasing
Distances From the Tank Wall

Fuel TV"e 6 inches 12 inches s8 inchs

Liquid JP-4 2.2 3.4 2.3
2.4 3.6 4.1

Av. 2.3 Av. 3.5 Av. 3.2
M" 2.2 3.3 3.9

0.6 1.1 1.4
Av. 1.4 Av. 2.2 Av. 2.7

EF4-104 0.4 1.1 1.1
2.0 3.9 3.1

Av. 1.2 Av. 2.5 Av. 2.1
WSX-7165 1.2 1.7 1.7

1.3 1.4 1.5
Av. 1.2 Av. 1.6 Av. 1.6

.4.I in i ii1

TABLE IX
THE DIUENSIONS OF FUEL SPRAY DISPERSIONS FOR 20 am

SBALLISTIC IMPACTS ON CONVENTIONAL SELF-SEALING PANELS
Spray Radius (in.) at Increasing

SType6inDistances From the Tank Wall
lFuel TY6 inches 12 inches 18 inches

Liquid JP-4 3.2 4.6 6.0

MlF* 2.2 3.0 3.0

EF4-104 2.3 1.8 -
2.6 3.0 3.2

Av. 2.5 Av., 2.4 Av. 3.2

W•-76 .. 2,.8 4.8 - 5.0
*Theo* values are estimates, since this film record could
not be measured satiafactorily.
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TABLE X
THE DIMENSIONS OF FUEL SPRAY DISPERSIONS FOR 20 mm

BALLISTIC IMPACTS ON COAGULANT TYPE SELF-S-ELING PANELS
Spray Radius (in.) at Increasing

Distances From the Tank Wall
Fuel T ..e 6 inches 12 inches 18 inches

Liquid JP-4 3.4 5.1 4.4

mEF 3.5 4.4 5.0

3F4-104 2.4 4.5 4.9

WSX-7165 2.7 2.2 ' =1.8

In addition to these simple ballistic impact tests, a few
tests were performed in which the entering projectile was
tumbled. Both tank entrance and tank exit fuel dispersion
patterns were observed with the 5000-frame-per-second 16 mm
movie camera. Bullet tumbling was achieved by 0.17 inch
aluminum sheet set at an angle of 38 degrees to the line of
fire and 6 feet in front of the tank. As would be expected,
the panel damage was much greater for these tumbled impacts
than for the straight-in impacts. The amount of fuel
sprayed from the tank was also much greater, and the disper-
sion patterns were quite wide. These tests were performed
with the 2-foot cube tanks and the panels clamped between
flanges as described for the 20 mm tests.

Table XI presents the fuel dispersion data for the tumbled
caliber .50 entrance tests with the four fuels,and Table XII
presents similar data for tumbled exits. These data are
plotted in Figures 41 and 42. Note that the radius scale
values are twice the scale used previously. The panel damage
on these tests varied from a tear of about 1 inch in length
to rips of more than 2 inches in length. Several distinct
spurts of fuel were frequently visible in the film records.
It is clear that the aumount of fuel sprayed from a tank by
tumbled rounds passing through it is much greater than for
straight-in hits.
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Figure 33. Fuel Spray Dispersion Patterns From Caliber .30
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TABLE XI
?,'TIIE DIMENSIONS OF FUEL SPRAY DISPERSIONS FOR TUMBLED

CALIBER.50 BALLISTIC IMPACTS ON COAGULANT TYPE

Spray RadiuL fin.) at Increasing

Distances From the Tank Wall
Fuel Type 6 inhes . 12 inches 18 inches

Liquid JP-4 6.9 8.4 9.5

x". 5.7 7.4 8.4

VF4-104 4.5 6.4 8.0

WSX-7165 5.7 6.3 7.7

TABLE XII
THE DnMSIONS OF FUEL SPRAY DISPERSIONS FOR TUMBLED

CALIBER .50 BALLISTIC UXITS FROM COAGULANT TYPE
-SELF-SEALING PANLS

Spray Radius (in.) at Increasing
Distances From the Tank Wall I

Fuel TYpe 6 inches 12 inches Is inches

Liquid JP-4 9.5 11.3 12+

S8.6 9.2 11+

X74-104 6.5 9.0 10.4

WSX-7165 7.5 9.6 11.6

This study of the dispersion of the test fuels under a
variety of conditiond has provided a great deal of quantita-
tive data relative to their behavior. Generally, those data
show some differences in the behavior of the emulsions when
compared to liquid fuel, but the magnitude of the differences
is often quite mall. It must be concluded that other unique
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properties of the emulsified fuels will make a greater con-
tribution to reduced aircraft vulnerability than can result
from these modest reductions in spray dispersion dimensions
under the high shear stresses of ballistic encounter.
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V. FUML NUITION TESTS

Ignition is influenced by fuel volatility, droplet size,
dispersion pitterns, and a number of other parameters relat-
ing to the fuel, its environment, and the energy of the
ignition source. To achieve fuel ignition, it in necessary
to raise the temperature of a finite quantity of fuel and
its immediate environment to a level where the heat released
by the combustion reaction taking place can maintain the
terperature of the reacting mass and can heat adjacent fuel
layers to the required level. This process must take place
in the environment of the fuel and ignitor. This means that
a film of fuel on a metal plate will be more difficult to
ignite than a similar film of fuel on a sheet of paper
because of the high heat capacity and conductivity of the
metal. It also means that a droplet of liquid fuel can
extinguish a small ignition source, such as a hot metal
p&rticle,if it can cool the particle below the ignition
temsperature. Other examples might be given, but it is impor-
tant to understand that a quantity of fuel plus an ignitor
does not always produce a fire.

Four types of ignition sources were used in the several
series of tests conducted in this program. These were:

1. An electric spark ignitor. This was a high-
voltage, AC, continuous spark across the points
of an automotive type spark plug.

2. Friction sparks. These were produced by the
action of an 8-inch-diameter abrasive grinding
wheel on a 3/8-inch hardened steel rod which had
a 3/16-inch rod of a ferrocerium alloy (similar
to lighter flint) in the center. These sparks
were captured in a shield around the grinding
wheel and released through a 1-inch spout. This
produced a heavy stream of sparks which gradually
expanded from the 1-inch diameter and could be
thrown at least 2 or 3 feet.

3. Hot metal surface. This ignition source was a
small "Calrod" type heating unit. It was 1/2 inch
in diameter and 2-1/2 inches long. The temperature
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of the surface could be varied by a change in
applied voltage. The unit was heated to a bright
red color before ignition tests. This produced
a surface temperature of about 12000 F.

4. Incendiary bursts from API ammunition. Caliber.30
and caliber .50 rounds were functioned by firing
the bullets through a series of aluminum target
plates which were arranged in front of the test
tanks. See Figure 43. Care was taken in each
test to be certain that a good incendiary burst
was Froduced in the region just in front of the
fuel tank wall. When such bursts were not achieved,
the tests were repeated. All tests were witnessed
by an observer and a motion picture camera. The
incendiary rounds used in the tests were caliber
.30 M-14 API and caliber .50 M-8 API.

The types of fuel ignition tests which were performed in
this part of the program followed closely the pattern of the
fuel dispersion tests discussed in Section IV of this report.
Thus, the tests included fuel drop ignition tests, BRL fuel
nozzle spray ignition tests, and ballistic impact ignition
tests with functioning API ammunition. Each of the four
fuels was evaluated in each type of test with each of the
planned ignition sources. In addition, the ballistic igni-
tion tests had the added variable of three types of tank
panel materials which were evaluated with each fuel. The
detailed test plan for the performance of the various igni-
tion tests is given in Appendix Ii.

A. FUEL DROP IGNITION TESTS

Theme tests were performed from the 20-foot drop height and
employed 250 grams of fuel, just as the drop dispersion tests
discussed in Section IV did. Figure 15 shows the arrange-
ment of the test components, including the ignition source.
Note that the ignitor was kept 4 inches above the concrete
surface to prevent ignition of fuel which came to rest on
the pad. The purpose of the tests was to evaluate the igni-
tion properties of the fuel droplets produced by the impact
as they moved out through the air. The fuel which remained
on the surface of the pad could have been ignited by any of
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the ignition sources if plenty of time were allowed and the
ignitor were lowered to the surface.

A region of probable ignition was defined for each combina-
tion of fuel and ignitor by increasing the distance between
the drop point and the ignition source until a distance was
reached where less than 50 percent ignitions occurred in a
sample of five tests. Some ignitions propagated to a sub-
stantial quantity of fuel droplets and to the fuel on the
surface while others did not. Any ignition which produced
a visible flame at the ignition source, or beyond, was
counted as an ignition. The tabulated results do not imply
that a big fire was produced for every ignition nor do they
imply that ignitions are not possible beyond the probable
ignition limit. Ignitions are possible to the full range
through which fuel is scattered,but ignitions become very
unlikely at the outer limits reached by fuel droplets.

Table XIII presents the probable ignition limit data which
have been developed for the electric spark and hot metal
surface ignition sources. These data clearly show that the
liquid JP-4 fuel is more easily ignited than the emulsified
fuels. It is also clear that this hot metal surface is a
much stronger ignition source than the electric spark. It
should be noted that the electric spark was very close to a
point source,since the spark plug gap was less than 1/8 inch.
The hot metal surface had a presented area of more than 1
square inch and also had a large reservoir of thermal energy,
while the spark has almost no mass and thus very little
stored energy for heating and vaporizing a fuel droplet.

A considerable number of ignition tests were performed at
distances which were greater or less than the probable
ignition limits reported. These data generally support the
limits which are reported in Table XIIIr thus, a detailed
presentation of the additional tests will not be included in
this report.

A number of drop ignition tests were performed using the
friction spark ignitor. Figure 44 indicates the various
ways that the spark stream was directed at or through the
fuel dispersion. It was not possible to get the discharge
port on this spark source closer to the drop surface than
6-1/2 inches because of the size and shape of the equipment
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TABLE XIII
PROBABLE IGNITION LIMITS FOR FUELS DROPPED FROM

A HEIGHT OF 20 FEET

Probable
Ignition Supporting

Ignition Fuel Radius Test Results
Source TMe . (in.) (ignitions/trials)

Electric Spark Liquid JP-4 12 3,/5 at 12 in.

1/5 at 15 in.

Electric Spark MEF None 0/5 at 4 in.*

Electric Spark EF4-104 None 1/5 at 4 in.*

Electric Spark WSX-7165 None 1/5 at 4 in.*

Hot Metal Liquid JP-4 36 4/5 at 36 in.
2/5 at 42 in.

Hot Metal MEF 18 4/5 at 18 in.
1/5 at 24 in.

Hot Metal EF4-104 18 4/5 at 18 in.
2/5 at 24 in.

Hot Metal WSX-7165 18 3/5 at 18 in.

1/5 at 24 in.
*It was not possible to locate an ignition source closer
than 4 inches from the drop center without the fuel mass
striking the ignitor as it fell.

used. The difference between this height and the 4-inch
height used for the other ignitors is not considered to
have significantly affected the Ignition probability values
for the friction spark tests.

The initial friction spark ignition tests were performed
with the stream of sparks parallel to the surface, 6-1/2
inch.. above it, and offset from the drop center so that
the point of closest approach of the spark stream would be
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approximately the equivalent of the ignition radius data
developed for the other ignitors. No ignitions occurred
with this test arrangement for any of the fuels. The dia-
charge port on this spark source was 12 inches back from
the drop center. After a number of tests without ignitions,
the stream of sparks was moved to the alternate location
shown in Figure 44 and was thrown through the center line
of the fuel cloud but still above the flat surface and
parallel to it. Table XIV presents the results of these
tests. These data indicate that fuel droplet ignitions by

TABLE XIV
FRICTION SPARK IGNITION RESULTS FOR 0 UELS DROPPED FROM

...A IGHT O 20 FEET

Test Results*S.......Fuel Type .... ... ignitions/trials)

Liquid JP-4 1/5

NMB 0/5

XF4-104 1/5

WSX-7165 0/5

*Al prks were from 6-1/2 inches above the surface,
parallel to the surface, 12 inches back from the drop
center, and through the center line of the fuel cloud.

friction sparks are possible but not probable for any of
these fuels.

As a further test of the ignitability of these fuels with
friction sparks, the aim of the spark streaun was changed so
that the sparks struck the surface at the center point of
the drop. This permitted the sparks to come in contact with
the vaporizing fuel on the surface as well as the fuel drop-
lets which were sprayed through t.he air. With this test
arrangement, it was possible to get ignitions with all fuels
on all tests. However, very long delays were frequently
apparent between the time the fuel hit the surface and the
time a fire started. This indicates that it was very
frequently the layer of vaporizing fuel which was ignited
by the friction sparks rather than droplets of liquid fVial.

72



B. BRL FUEL SPRAY IGNITION TESTS

The purpose of these tests was to define a region of igni-
tion around the fuel spray for each fuel in combination with
each ignition source. Thus, the tests serve to define the
region through which fuel is sprayed and also to evaluate
the response of the fuel to the ignitor.

Specific procedures used in conducting these tests are
included in the test plan given in Appendix II. Figure 45
indicates the arrangemen4 of the test equipment used. The
BRL fuel nozzles were fired horizontally, and the ignitor
was placed on a level with the nozzle and a measured distanceI out from it and to the side of its line of fire. Tests were
"performed with the ignition source 6, 12, and 18 inches away
from the mouth of the fuel nozzle and at radii from 0 to 8
inches away from the spray axis. The ignition sources used
were the same as discussed earlier in this section of the
report.

Figures 46 and 47 show a typical test. In this instance,
the hot-metal ignitor was 18 inches away from the nozzle
mouth but on the center line of the spray where 100 percent
ignitions occur. The fuel was liquid JP-4. Figure 46 shows
the impact of part of the fuel spray with the ignitor but
was taken prior to fuel ignition. Figure 47 was taken a
moment later when the ignition had taken place and was
spreading to the rest of the fuel, which was then well past
the ignition source. Figures 48 and 49 present a graphical
summary of the test results with the electric spark and hot
metal ignition sources. Tables XV and XVI summarize the
test data upon which the figures are based.

STwo lines have been drawn on the plots in Figures 48 and 49.
These indicate the radius from the spray axis where igni-
tions are very probable (nearly 100 percent) and the radius
from the spray axis where ignitions are very improbable
(nearly zero percent). At radial distances between these
two lines, the probability of ignition decreases with
increasing radius values.

It will be noted that the values for the ignition envelopes
about the spray are in good agreement with the spray dis-
persion patterns presented earlier in Figure 30. The igni-
tion radii tend to be somewhat greater than might be expected
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Figure 46. BRL Fuel Spray Ignition Test of Liquid JP-4
Just Prior to Ignition by a Hot Metal Surface.

Figure 47. BRL Fuel Spray ignition Test of Liquid 3'P-4
Just After Ignition by a Hot Metal Surface.
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TABLE XV
BSL FUEL NOBZLE IGNITION TEST RESULTS WITH AN ELECTRIC

loSPARK ITOR,

Ignitor Location
Radial (in.) Results

Lineal (in.) From Spray (ignitions/
Fuel Tyne From ,toazle Ax.i trials)

Liquid JP-4 6 2 5/5
6 2h 1/1
6 3 4/6
6 3h 0/5
6 4½ 0/3

12 4 5/5
12 4½ 3/6
12 5 3/6
12 6 0/5
18 4 5/5
18 5 1/5

,map 6 2 4/6
6 2h 2/5

630/5 •18 3 4/5

i8 4 2/5

E14-104 6 2 4/5
6 2h 2/5
6 3 1/5

18 4 3/5
18 5 1/5 I

WSX-7165 6 2 4/5
6 3 1/5

18 2 2/2
18 3 3/5
18 4 0/5
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TABLE XVI
BRL FUEL NOZZLE IGNITION TESTS RESULTS WITH A NOT METAL

SURFACE IGNITOR
SIgnitor LWcation fi

Radial (in.) Results
Lineal (in.) From Spray (ignitions/

Fuel TDO. From Nozzle Axis trials)

Liquid JP-4 6 2½ 5/5
6 3 2/3
6 3h 0/5

18 3h 4/6
18 4h 2/4
18 5 1/3
18 6 0/5

NE 6 2h 5/7
6 3 2/6

is 5 5/5
18 6 3/5
18 7 0/5

314-104 6 3 4/5
6 4 0/5

18 6 5/5
18 7 2/2
18 8 0/5

WSX-7165 6 2 1/1
6 3 4/5
6 4 0/5

18 3 2/2
18 4 5/5
i8 5 2/5
18 6 1/5
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from the data of Figure 30. This seeming inconsistency can
be readily explained. The spray from the nozzle deviated
from a truly straight path to some extent on every test.
In the analysis of the fuel dispersion photographs,the radial
measurements were made from the true axis of the spray;
in the ignition tests, the axis was assumed to be straight.
This means that a portion of the radial distance between the
all-ignition and the no-ignition lines must be attributed to
random eccentricity of the spray axis.

The ignition limits for the liquid JP-4 are somewhat greater
than for the emulsified fuels when the electric spark igni-
tor is used. This was not true for the hot metal surface
ignitor. While the radial ignition differences are not
great, it appears that the emulsified fuels produce some
larger droplets in the spray and that these larger droplets
are seldom ignited by the electric spark but are generally
ignited by the hot metal surface.

In addition to these ignition tests with the electric spark
and hot metal ignitors, a good many tests were performed with
the friction spark ignition source. The spark stream, which
was described earlier, was placed to throw the sparks
vertically through the center of the spray from the BRL fuel
nazsle. Repeated tests failed to produce an ignition
with any fuel. Even aviation gasoline was not ignited in
this test. Since no ignitions were achieved in this way, the
spark stream was moved so that it was parallel to the axis
of the nozzle and as nearly coaxial with it as possible.
This produced streams of fuel droplets and sparks that inter-
mingled and moved along toge4 her for several feet from the
nozzle discharge. In spite of this longer exposure time,
fuel ignitions were never achieved with this arrangement.
These friction spark ignition tests indicate that it is quite
difficult to start fuel fires with hot metal sparks where the
fuel droplets are moving rapidly through the air and thus the
fuel vapor layers are very thin. It is indicated that the
ignition of fuel takes place in a region of mixed fuel vapor
and air and that the friction sparks generally do not possess
sufficient energy to vaporize liquid fuel droplets and create
the needed mixture. An infinite number of ignition trials,
like the ones which were performed, would be expected to
produce an occasional ignition, but the probability of occur-
rence has been shown to be very low.
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It must be concluded from the BRL fuel spray test results
that the ignition properties of the emulsified fuel do not
differ greatly from the ignition properties of sprayed
liquid JP-4. While the differences, Which have been defined,
indicate a slight reduction in the ignition envelope for the
semisolid fuels under some circumstances, the advantage is
not great enough to indicate a significant reduction in air-
craft fuel vulnerability as measured by the ignition response
of fuel sprays alone.

C. FUEL IGNITION BY INCENDIARY AMMUNITION

The final type of fuel ignition testing performed in the
program evaluated the ability of functioned incendiary
rounds to ignite the fuel spray forced from tanks by ballis-
tic impacts. The test tank and target used for this igni-
tion source evaluation are shown in Figure 43. A vapor
space of approximately 20 percent of the tank volume was
left at the top of the tank when it was filled. This per-
mitted a certain amount of energy absorption through fuel
movement within the tank, but the test is somewhat more
severe than tests against actual aircraft fuel tanks because
of the rigidity of the steel tank. This test procedure was
used because of the economies it affords, and it is believed
that the test results achieved in these ballistic fuel igni-
tion tests are not significantly. different from the results
that would have resulted from extensive firings against many
thousands of dollars worth of aircraft tanks. This test
method offered the additional advantage of comparative test-
ing using the crash-resistant and coagulant type self-sealing
panel materials which are not currently available in complete
tanks.

The liquid JP-4 was pumped into the test tank. No pump was
found to be available which could be used to move the WSX-7165
fuel into the tank without breaking a substantial amount of
the emulsion. Perhaps 10 to 15 percent liquid resulted from
pumping this fuel with the equipment available. Time did
not permit an extensive study of the alternate pump types
which might ultimately be used; thus, to insure the integ-
rity of the test results, the semisolid fuels were shoveled
into the tank. All fuels were placed in the test tank in
the same way to insure uniformity in the test results,
although it was possible to handle the MEN and 314-104



emulsions through the pumps available without any great
, amount of liquif ication.

i Zarly tests revealed some instances where an emulsion of

greater shear strength resulted from pumping: sometimes a
stiff emulsion plus a very small quantity of liquid resulted.
These variations were attributed to differences of the fuels in
the storage tanks, to temperature, or to shear conditions inad-
vertently introduced into the lines due to bullet and target
fragments which occasionally became lodged in the constric-
tions. Because of these variations, pumping of emulsified
fuels was abandoned after the early tests, and it is believed
that the emulsions involved in the results reported were
essentially "dry" and of a shear strength which was very
close to the "as-shipped" property of the fuels.

It was noted that the WSX-7165 emulsion was "stiffer" than
the other omulsions, although no attempt was made to measure
this differonce quantitatively. It should also be men-
tioned that the WSX-7165 emulsion was partly broken by the
shear forces introduced as the bullet passed through the
test tank. A significant amount of liquid fuel resulted
from impacts on the W8X-7165 test tanks, but no such liquifi-
cation was observed with the other fuel emulsions.

All tests wore witnessed by both a competent observer and a
2, 000-frame-per-second film record. Thus, there was substan-
tially no chance for misunderstandings to occur relative to
the location or quality of the incendiary burst or the ini-
tiation of a fuel fire. Figure 50 shows several frames from
a typical film record.

The results of the ballistic ignition testing with caliber
.30 U-14 AIN rounds are presented in Table XVII, and similar
data for caliber .50 U-8 API tests are presented in Table
XVIIZ. These test results leave no doubt that the incendiary
bursts from API ammunition are capable of igniting the fuel
sprays of all of the fuels tested under ballistic impact
oonditions.

It should not be concluded from these data that all hits of
incendiary bullets on aircraft will produce fire or that all
fuel fires are equal in intensity. The functioning sensi-
tivity of incendiary ammunition is such that many aircraft
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Figure 50. Caliber .50 API Ballistic Ignition Test of MEF
Fuel Emulsion Confined by Crash-Resistant Panel
Material.
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TABLE XVII
IGNITION PERFORMANCE OF CALIBER .30 API AMMUNITION AGAINST

CANDIDATE AIRCRAFT FUELS CONFINED BY THREE
TYPES OF TANK MATERIAL

Test
Run No. Fuel TyPe Tank Panel Results Remarks

527 Liquid JP-4 Conventional Fire Continued
self-sealing leakage, no

self-seal

504 MEF Same as 527 Fire Very little
continued
leakage

501 EF4-104 Same as 327 Fire Slight con-
tinued leak-
age, no self-
seal

506 WSX-7165 Same as 527 Fire Very little
continued
leakage, no
self-seal

526 Liquid JP-4 Crash-regis- Fire Continued
tant leakage

505 MEF Same as 526 Fire Continued
leakage

503 EF4-104 Same as 526 Fire Continued
leakage

507 WSX-7165 Same as 526 Fire Slight leak-
age only

570 Liquid JP-4 New type self- Fire Very little
sealing leakage in

spite of 1¼"
rip

567 ME? Same as 570 Fire No continued
leakage but
no coagulant
seal

566 EF4-104 Same as 570 Fire Same as 567
568 WSX-7165 Same as 570 Fire Same as 567
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TABLE XVIII
IGNITION PERFORMANCE OF CALIBER .50 API AMMUNITION AGAINST

CANDIDATE AIRCRAFT FUELS CONFINED BY THREE
TYPES OF TANK MATERIAL

. Test
Run No. Fuel TyDe Tank Panel Results Remarks

460 Liquid JP-4 Conventional Fire Extensive
self-sealing leakage, no

self-seal

461 MEF Same as 460 Fire Little leak-
age, no self-
seal

462 EF4-104 Same as 460 Fire Same as 461
521 WSX-7165 Same as 460 Fire Very little

leakage, no
self-seal

524 Liquid JP-4 Crash-resis- Fire Heavy fuel
tant leakage

522 MEF Same as 524 Fire Same as 524
523 EF4-104 Same as 524 Fire Slight leak-

age continued
518 WSX-7165 Same as 524 FAre Same as 523
547 Liquid JP-4 New type self- Fire Same as 523

sealing

562 MEF Same as 547 Fire Continued
leakage, no
coagulant seal

562 EF4-104 Same as 547 Fire Slight leakage
continued, no
coagulant seal

546 WSX-7165 Same as 547 Fire No continued
leakage, no
coagulant seal
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hits will not cause the round to burst at all or perhaps
the burst will not occur near the fuel tank. These hits
will rarely cause fuel fires. When fires are caused, the
fires resulting from impacts on fuel emulsions are sub-
stantially smaller and more easily extinguished than fires
from hits on liquid JP-4. This is due to the reduced fuel
leakage which was generally observed for the emulsified
fuels, even when tank self-sealing action was not effective.

The reduced fuel leakage, and generally smaller fires pro-
duced with the emulsified fuels, together with earlier
favorable fuel dispersion and ignition data indicates that
there are probably marginal incendiary ignition conditions
where fires could be prevented through the use of emulsified
fuels.

I
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VI. FIRE EXTINGUISHANT PERFORM CE ON EMULSIFIED
FUEL FIRES

A. DISCUSSION OF THE TESTS

The ease with which fuel fires can be controlled or extin-
guished is an important aspect of aircraft survivability in
many crashes. This program has included a series of, tests
to evaluate the potential advantages of various extinguish-
ants which may be used to control fires resulting from
spilled fuel in survivable crashes.

These tests have sought to provide quantitative results to
the maximum extent which is practical. The fuel quantity,
fuel surface area, wind direction and velocity, and burn
time after ignition were all held constant in establishing
the "standard fire" for the evaluation of extinguishants.
The total weight of extinguishant and the time of applica-
tion to the closest second were also determined. This pro-
cedure permits the establishment of an average rate of
application. Results of the tests will be reported in these
terms.

The extinguishants tested against liquid JP-4 and the three
emulsified fuels were the following:

1. water
2. water fog
3. CO2
4. liquid foam
5. dry chemical
6. sand
7. air

The basic test arrangement is shown in Figure 51. The fire
pan for these tests was of steel, 4 inches wide by 20 inches
long by 1-3/4 inches deep. This provided 80 square inches of
fire surface (.56 square foot). It was located so that the
airflow was down the long axis of the pan. One thousand grams
of fresh fuel were used for each test. This quantity of
fuel filled the pan to a depth of about I inch. Solidified
fuels were leveled before ignition of the fire as shown in
Figure 52. A 3-minute burn period was allowed in each test
prior to the applicatioti of the extinguishant. This allowed
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Figure 52. Emulsified Fuel as Placed in the Burn Pan

(Above) and After Leveling (Below).
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the fire to increase in intensity and to heat the pan, fuel,
sand, etc., to a level which was at least partially represen-
tative of crash fire conditions.

The airflow over the fuel was adjusted to 15 feet per
secondwhich is approximately equal to a 10-mile-per-hour
wind. This condition increases the rate of fuel consumption
substantially over a still air fire,but the fire intensity
is not as great as may be encountered in many crashes where
higher wind rates may be experienced. The unidirectional
property of this airstream did assist the application of
some extinguishing agents, since the wind could be depended
upon to carry the agent on into the fire.

The fuel container was imbedded in sand, which absorbed the
fuel which was spilled during the application of some extin-
guishants. The sand also provided a smooth and level sur-
face around the fire. Thus, there were no flame holders or
turbulence-inducing barriers in the fire region except for
the fuel container itself (see Figures 53 and 54).

The fire extinguishants were applied at the lowest rates
which were practical and yet still achieved fire extinguish-
mont in a reasonable length of time (generally 5 to 60
seconds). This provided the best opportunity to evaluate
differences between the fuels.

Many problems were encountered in achieving low flow rates
with the extinguishing agents. Most fire extinguishing
equipment is designed for very high application rates, and
reducing the flow rate introduces a variety of problems.
The methods of applying the extinguishants will be described
more completely in the paragraphs which discuss the indi-
vidual tests.

The order of extinguishant effectiveness, considering both
the application rate and the time to extinguish the fire,
was as follows:

1. dry chemical
2. CO2
3. water fog
4. liquid foam
5. sand
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Figure 53. Emulsified Fuel Fire immediately After ignition.

Figure 54. End View of the Standard Fuel Fire (3 Minutes
Burn Time) Looking Into the Airstream.
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6. water
7. air

Emulsified fuel fires were extinguished with all agents
although only the first five listed are believed to be
practical extinguishants. In the case of liquid JP-4,
extinguishment was achieved with all agents except water
which was not effective under these test conditions against
a liquid fuel. The specific tests will be discussed in the
order of extinguishant effectiveness.

B. DRY CHEMICAL ECTINGUISHANT

The dry chemical extinguishant used was a siliconized mono-
ammonium phosphate powder which is normally expelled by air
pressure and is approved for use against class A, B, and C
fires. This material is as effective as any dry chemical
which is presently commercially available for this use. It
was not possible to control the flow rate from a dry chemi-
cal extinguisher below a rate of about 50 grams per second.
Used by a skillful operator, this rate was capable of an
almost instantaneous extinguishing action against the test
fires. A variety of application techniques were subsequently
tried in an effort to find a simple but controllable method
of applying the powder at a rate of less than 5 grams per
second. The best results were achieved with a simple hand-
operated insecticide duster as shown in Figures 55 and 56.
Average rates of about 3 grams per second (A 1.5 gr./sec.)
were practical with this equipment. This agent was most
effective when directed into the flame at the upwind side
of the fire rather than onto the fuel. Clearly, this chemi-
cal does not "smother" or "blanket" the fire to accomplish
the extinguishing action. Table XIX presents the results
of the tests conducted. Each value is an average from at
least three tests.

The variations in the test results are within the experi-
mental accuracy of the tests. This chemical was highly
effective against test fires with all four fuels.
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Fi.gure 55. Standard Fuel Fire Just Prior to Extinguishment
With Dry Chemical Agent.

Figure 56. Application of Dry Chemical Extinguishant to the
Standard Fuel lire.
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TABLE XIX
DRY CHEMICAL EXTINGUISHANT PERFORMANCE AGAINST JP-4

AMD EMULSIFIED FUELS

Fuel Type JP-4 MEF EF4-104 WSX-7165

Application Rate 2.9 2.5 2.0 2.5
(gr./sec.)

Time to extinguish 5 4 6 4
(sec.)

Total agent applied 13 10 12 11
(gr.)

Equivalent agent per .05 .04 .05 .04
unit of fire surface
(lb./ft.2 )

C. CARBON DIOXIDE EXTINGUISHAN

The carbon dioxide extinguishant was applied from a standard
C02 extinguisher as shown in Figures 57 and 58. The CO2 is
stored as a liquid under high pressure in these units. The
adiabatic expansion which takes place as the liquid CO2
passes through the nozzle reduces the temperature of the
stream to a level at which a mixture of gaseous and solid
CO2 is discharged. Thus,the standard C02 extinguisher is
designed to accommodate the flow of large quantities of
solid CO2 "snow". At reduced flow rates,this "snow" tends
to plug the nozzle and produce flow which is not entirely
steady. The lowest average application rate for CO2 which
was found to be feasible was 15 grams per second Ci 4 grams
per second). This rate was a satisfactory one, although a
somewhat lower rate would have probably been sufficient to
extinguish the test fire. Operator skill is a factor in
the use of this extinguishing agent. It was important to
direct the C02 at the upwind end of the fire and then
progress downwind without permitting a flashback or
reignition of fuel vapors which continued to flow from the
extinguished fuel surface. Table XX presents the results
of the tests conducted with C02. These values are averages
of at least three tests in each instance. The apparent
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Figure 57. Standard Fuel Fire Just Prior to Extinguishment
With CO2.

Figure 58. Application Of C02 Extinguishant to the Standard
Fuel Fire.
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TA13LE XX
CO2 EXTINGUISHANT PERFORMANCE AGAINST JP-4 AND

EMULSIFIED FUELS

Fuel Type JP-4 MEF EF4-104 WSX-7165

Application rate 18 15 12 16
(gr./sec.)

Time to Extinguish 4 6 6 5
(sec.)

Total agent applied 76 87 74 74
(gr.)

Equivalent agent per .30 .35 .29 .29
unit of fire surface
(lb ./ft. 2 )

differences between results with the three fuels are within
"the accuracy of the tests. C02 was an effective extinguish-
ant against all four types of fuel fires.

D. WATER FOG EXTINGUISHANT

A number of types of fog-producing equipment were tested in•
an effort to produce the very fine spray of a fog nozzle at
a flow rate wlich was appropriate for the test fire. rr.ý.
equipment included a special fog nozzle for use in Cire
fighting, several types of high-pressure sprayers, and a
paint sprayer whicl atomizes the water in a high-velocity
airstream. The substantial flow of air with the fog also
produced an effect on the fire which tended to confuse the
effectiveness of the fog alone. Thus, the air atomization
approach was not uned, even though it produced the smallest
fog particle size and the most control over the flow rate.
The fog extinguishing tests reported here were accomplished
using an air-pressurized insecticide sprayer as shown in
Figures 59 and 60. This sprayer waa set to produce the
finest droplet size. The tests were run at an average flow
rate of 8 grams per second (± I gram per second). Table
XXI presents the results achieved with this water fog.
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Figure 59. Standard Fuel Fire Just Prior to Extinguishment
With Water Fog.

Figure 60. Application of Water Fog to the Standard Fuel

Fire.
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TABLE XXI
WATER FOG EXTINGUISHANT PERFORMANCE AGAINST JP-4 AND

EMULSIFIED FUELS

Fuel Type JP-4 MEP EF4-104 WSX-7165

Application rate 8 9 8 8
(gr./sec.)

Time to extinguish 18 11 6 4
(sec.)

Total agent applied 150 91 45 32
(gr.)

Equivalent agent per .60 .36 .18 .13
unit of fire surface
(lb./ft. 2 )

These differences are substantially greater than the varia-
tion between individual tests. It must therefore be con-
cluded that the emulsified fuel fires are more easily and
more rapidly extinguished with water fog than is liquid JP-4.
Further, the fires involving EF4-104 and WSX-7165 emulsions
are more readily extinguished with water fog than are fires
involving the MEP emulsion.

Z. LIOUID FOAM EXTINGUISHANT

The liquid foam extinguishant employed in these tests was a
water-based chemical foam type applied from a 2-1/2-gallon
"Pyrene" foam fire extinguisher as shown in Figures 61 and
62. This unit is rated for use against class A and class B
fires. The extinguishant flow rate is a function of the
extinguisher size,but some control over the application rate
for foam placed on the fire was achieved by placing a "Y" n
in the foam hose and regulating the flow in the bypass line.
This type of chemical foam extinguisher is effective against
certain types of fires, but the quality and flow rate of the
foam produced varies from run to run and within individual
runs to a considerable degree. The foam formation process
is controlled by the way in which the two foam-producing
solutions mix after the extinguisher is inverted. The
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Figure 61. Standard Fuel Fire Just Prior to Extinguishment
With Liquid Foam.

Figure 62. Application of Liquid Foam to the Standard Fuel
Fire.
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initial discharge from the extinguisher is nearly a liquid
stream. As the foam generation process continues, the
expansion ratio of the foam appears to increase but the
volumetric rate of flow decreases. The initial discharge
(for 2-5 seconds) was not applied to the fire so that the
foam used in the test was of the best average quality which
was practical: It was possible to deliver foam to the fire
at an average rate of about 30 grams per second (:t 15 grams
per second) with this equipment. Table XXII presents the
quantitative results achieved with this type of liquid foam.

TABLE XXII
LIQUID FOAM EXTINGUISHANT PERFORMANCE AGAINST JP-4 AND

.MULSIFIED FUELS

Fuel Type JP-4 maF EF4-104 WSX-7165

Application rate 20 27 34 30
(gr./sec.)

Time to extinguish 24 16 17 12
(sec.)

Total agent appli6d 487 439 583 330
(gr.)

Equivalent agent per 1.9 1.7 2.3 1.3
unit of fire surface
(lb./ft.2)

It was possible to extinguish all of these fuel fires by
covering the fuel with a blanket of foam. The differences
between the quantitative results with the four fuels are
within the accuracy of the tests and reflect differences in
average foam generation rates or the efficiency of foam
placement rather than differences in fuel fire response to
the foam extinguishant. It is probable that substantially
greater effectiveness, on a weight basis, can be shown by
mechanical foams where much higher expansion ratios are
practical. These data show that liquid foams are effective
against both liquid and emulsified fuel fires.

100



F. SAND AS AN EXTINGUISHANT

Several methods of dispensing sand onto the test fire were
evaluated in an effort to control the application rate. It
was determined that a careful operator can dispense the sand
from a simple scoop in a remarkably uniform manner, and this
technique was used for the tests which are reported here.
Figures 65 and 64 show the application of sand to the fire
in this way. it was possible to apply the sand at an aver-
age rate of 48 grams per second (1- 5 grams per second).
This rate gave good definition to the differences in the
fire response to the extinguishant. Table XXIII summarizes
the results of the extinguishing tests performed with sand.

TABLE XXIII
PERFORMANCE OF SAND AS AN EXTINGUISHANT AGAINST JP-4 AND

EMULSIFIED FUELS

Fuel Type JP-4 MEF EF4-104 WSX-7165

Application rate 48 43 48 49
(gr./sec.)

Time to extinguish 89 38 40 14
(sec.)

Total agent applied 4340 1640 1900 700
(gr.)

Equivalent agent per 17 6.5 7.5 2.8
unit of fire surface
(lb ./ft.2)

Sand extinguishes a fire by forming a physical barrier
between the fuel and the air. The emulsified fuels gener-
ally support the sand, and only enough to cover the fire
surface is required as shown in Figure 65. With liquid
JP-4, the sand sinks to the bottom of the fuel as soon as it
is applied, and enough sand must be used to absorb all of
the fuel before it is possible to create the barrier
between fuel and air. The amount of sand required to extin-
guish a burning pool of liquid is thus heavily dependent
upon the 4epth of the liquid. This is not the case with
the emulsified fuels, and thus the quantity of 6 to 7 pounds
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Figure 63. Standard Fuel Fire Just Prior to Extinguishment
* With Sand.

Figure 64. Application of sand to the Standard Fuel Fire.
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Figure 65. Sand Supported by Emulsified Fuel in the Burn
Pan.
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per square foot required to extinguish MEF and EF4-104
may be expected to hold for most emulsified fuel fires. The
lower quantity, 3 pounds per square foot, for WSX-7165 may be
attributed to the fact that very little liquification of
this fuel takes place in the fire and thus there is less
liquid to absorb with the sand. The fuel emulsions have a
very substantial advantage if fires are to be extinguished
with sand.

G. LIQUID WATER EXTINGUISHA.T

The liquid water was applied to the test fire as a high-
velocity stream as shown in Figures 66 and 67. This simu-
lated the type of flow which might be delivered by a high-
pressure hose against a much larger fire. The water was
applied at an average rate of 20 grams per second (± 3 grams
per second). Table XXIV presents the results of the extin-
guishing tests performed with water. The stream of water

TABLE XXIV
LIQUID WATER EXTINGUISHANT PERFORMANCE AGAINST JP-4 AND

-... EULSIFIED FUELS

uel TYe .JP-4 MEF EF4-104 WSX-7165

Application rate 18 22 18 17
(gr./sec.)

Time to extinguish could not 43 86 14
(sec.) extinguish

Total agent applied could not 920 1540 240
(gr.) extinguish

Equivalent agent per could not 3.7 6.1 1.0
unit of fire sur- extinguish
face (lb./ft. 2 )

was totally ineffective against liquid JP-4 under these
test conditions. The application was continued for a 2-
minute period and the fire was undiminished at the end of
this time. The water tends to spread the fire both by the
force of the spray and through the floating action of the
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Figure 66. Standard Fuel Fire Just Prior to Extinguishment
With a Stream of Water.

Figure 67. Application of Water to the Standard Fuel Fire.
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fuel on the water pool which develops below the fuel. The
best that can be accomplished with a stream of water into a
liquid JP-4 fire is some temporary cooling of hot metal
components. In general, the size, intensity, and violence
of the JP-4 fire are increased by a water stream rather than
decreased.

Eventually, it was possible to extinguish the MEF emulsified
fuel fires wiith the water stream. The WSX-7165 fire was
extinguished quite easily. The emulsified fuels were observed
to mix readily with the applied water to produce a milky white
fluid. The emulsion appeared to be broken, to some extent, by
the applied water. This process released small quantities of
liquid fuel which rose to the surface and burned readily while
floating. In order to extinguish the fire, it was necessary
to cool this floating fuel and to extinguish the flame by per-
sistent application of water to the isolated fire areas. A
substantial difference in the response of the three types of
emulsified fuel fires was repeated with consistent results
and cannot be attributed to experimental variation. This
result may be somewhat surprising, since it appears to be at
variance with the results obtained with water fog. While the
MBM emulsion was more easily extinguished with a stream of
water, the EF4-104 was more readily extinguished with the
water fog. The WSX-7165 was the most easily extinguished of
the three emulsions with both fog and water. This behavior
must be related to the way in which the emulsions accept
added water and the extent to which they are broken by the
heat of the fire and the applied water.

These results would indicate that some consideration of emul-
sion behavior when exposed to water would be of value. It
may be possible to enhance the water extinguishing properties
of these fuels to a considerable extent. Even though it was
possible to achieve extinguishment of these well-defined fuel
fires, the potential hazards associated with scattering the
burning fuel with a high-velocity water stream prevent water
from being considered as a practical extinguishant at the
present time. Nevertheless, because of the obvious economic
and logistic advantages inherent in the universal availability
of water, its use as an emulsified fuel fire extinguishant
should not be lightly discounted. Rather, efforts should be
directed toward the development of practical and efficient
delivery systems which will permit the application of water to
fires under other than the high-velocity stream conditions asso-
ciated with currently utilized procedures.
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H. AIR AS AN EXTINGUISHANT

It is possible to extinguish a fire by causing a burning
mixture to move more rapidly than the flame can propagate.
For premixed fuel-air mixtures, there exists a characteris-
tic propagation velocity which is dependent only upon the
composition of the mixture and the ambient combustion con-
ditions of pressure, temperature, etc. Combustion is
maintained by the transfer of heat from the reaction zone,
or flame, back to the unburned fuel mixture. Thus, a new
increment is raised to the reaction temperature, releases
heat, and in turn heats a new increment of unburned mate-
rial. As the velocity of the stream is increased, the
distance over which heat must be transferred increases and
the time available decreases. Ultimately,the heat transfer
process fails and the flame goes out.

Where there is a pool of liquid present and vaporization of
fuel taking place, where the mixing of fuel and air is not
ideal, where hot surfaces can contribute to the heat trans-
fer process, and where physical obstructions can produce
turbulence in the combustion region, the total process
becomes very complex and cannot be analyzed in a simple
manner.

The air extinguishing tests which have been performed in
this program have employed a high-velocity airstream which
could be directed at the fire. This airstream facilitated
the establishment of an air barrier between burning fuel and
nonburning fuel. Air at an approximate velocity of 40 feet
per second from a spray nozzle was found to be a convenient
technique for accomplishing this. Figures 68 and 69 show
the application methods for air extinguishment and the
appearance of the standard fire at the start of run number
313 and at a later time during the extinguishing process.
The clock shows elapsed time in seconds.

Table XXV summarizes the results of the extinguishing tests
which were accomplished with air. These data are the result
of at least three runs in each instance. While it is shown
that the test fires could be extinguished with this air-
stream, it does not appear to be likely that air is a feasible
method of extinguishing fuel fires in the aircraft crash
environment. This is true for the following reasons. First,
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Figure 68. Standard Fuel Fire Just Prior to Extinguishment
With an Airstream.

Figure 69. The Application of a High-Velocity Airstream to
a Standard Fuel Fire.

108



TABLE XXV
PERFORMANCE OF HIGH VELOCITY AIR AS AN EXTINGUISHING

-MECHANISM FOR JP-4 AND EMULSIFIED FULFIRES

Fuel TyPe J. p-4 F ..... -]04 WSX-71f5

Application rate 55 55 55 55
(gr./sec.)

Mass Flow Rate 300 300 300 300
(gr ./sec.)

Time to extinguish 18 7 9 8
(sec.)

Total agent applied 5400 2000 2700 2400
(gr.)

Equivalent agent per 21 8 11 10
unit of fire sur-
face (lb./ft. 2 )

it is necessary to have an airflow which is broad enough
to sweep the entire fire at a single pass. The 4-inch-wide
test pan made this relatively easy in the tests conducted.
Second, the presence of obstructions in the fire region
would act as turbulence generators or flame holderswhich
could greatly increase airflow requirements. Finally, a
high-velocity airstream must be expected to move substan-
tial quantities of fuel which it comes in contact with.
Thus, unless the fuel is well confined, as in the test pan,
the air would tend to spread the fire.

These test results clearly show that the emulsified fuel
fires are easier to extinguish with an airstream than are
liquid ,TP-4 fires. The difference in the time to extin-
guish the MEF, EF4-i(4, and WSX-7165 tmulsions is within
the experimental. accuracy of the tests and is not a valid
basis for concluding that MEF fires are more easily
extinguished than EF4-104 or WSX-7165 fires.

I. SMtMY OF FIRf EXTINGUISHING RESULTS

Four of the seven extinguishants tested were found to be
more effective in extinguishing emulsified fuel fires than
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liquid JP-4 fires. These agents were water fog, water,
sandand air. In the case of the other three extinguishing
agents, dry chemical, C02,and liquid foam, all four types
of fuel fires were extinguished with similar quantities of
the specific agent being tested. Thus,the use of emulsified
fuels would improve the effectiveness of fire-fighting
efforts with some extinguishants and would never increase
the difficulty of extinguishment with any of the agents
tested.

it is important to note also that these tests were per-
formed with equal surface area fires. Fire size will be
an important factor in the effectiveness of fire extinguish-
ing efforts. In most crashes of aircraft where fuel con-
tainers are damaged, the fuel spills from them to feed the
fire.

It is clear that the emulsified fuels have at least an
order of magnitude advantage in the size of the fuel pool
and fire resulting from leaking tanks or lines which have
not suffered massive damage. This type of fuel leakage
often occurs in survivable crashesand thus the use of
emulsified fuels could improve the probability of crash
fire extinguishment to a much greater degree than the quan-
titative results from the equal-area fire tests indicate.
It is apparent that emulsified fuels present clear and
important advantages in aircraft crash fire extinguishment.
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VII. FUEL LZAKAGE AND PANEL SELF-SEALING EVALUATION

One of the program objectives was to determine the effect of
the emulsified fuels upon tle self-sealing action of conven-
tional rubber tank materials and upon the action of coagulant
type self-sealing materials. A related objective was to
obtain an indication of fuel leakage reduction due to the
use of emulsified fuels when complete self-sealing action is
not achieved.

Four types of tank panel material were used in these tests.
These included caliber .30 and caliber .50 rated conventional
self-sealing construction, a crash-resistant urethane-bonded
nylon fabric with no sealing layer, and a new type of self-
sealing panel which was similar to the crash-resistant panel
but had an added layer of liquid coagulant on the inner sur-
face. This panel is still under development.

These panels were subjected to a variety of types of ballis-
tic damage with each fuel. The types of hits included normal
or straight-in perforations by caliber .30, caliber .50, and
20 mm ball projectiles; tumbled entrance and exit damage with
caliber .30 and caliber .50 ball rounds; and functional API
impacts with caliber .30 and caliber .50 projectile sizes.
The results of these tests will be reported separately for
each type of panel.

A. CALIBER .30 RATED CONVENTIONAL SELF-SEALING PANEL

For these tests, flat panels 18 by 24 inches were clamped
between flanges as previously described. The point of
bullet perforation was always below the liquid level of the
fuel, and gonerally the fuel head was between 4 and 8 inches
at the wound. No backing board or panel support was used
either inside or outside the tank. This panel (0.7 lb./ft. 2 )
was tested only against caliber .30 perforations.

*

This panel material sealed very well against the normal or
straight-in hits with caliber .30 rounds. A nearly instan-
taneous dry seal was achieved with all four types of fuel.
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The wound was very small and Just barely visible on the
outer tank surface for this type of hit. The inner surface
showed minute rips (not longer than about 1/8 inch) in the
rubber layer, but mechanical closure of the wound was nearly
100 percent and thus sealing could be very effective.

Tumbled perforations through this panel produced some seals
and some failures. Liquid JP-4 will continue to flow through
the 1/2 to 1-1/2 inch rips produced in this panel by tumbled
hits unless the alignment of the damaged sealing layer is
good enough to effect a seal. The emulsified fuels did not
continue to flow through this type of panel damage, even when
a satisfactory seal was not achieved by the panel.

The panel damage which resulted from impacts by functioned
caliber .30 API rounds was nearly always so great that a
complete sealing of the wound was out of the question. The
liquid JP-4 must always be expected to leak from the tank
following a hit by a well-functioned incendiary round. The
emulsified fuels often did not leak from these wounds; when
a flow persisted, it was at a very slow rate, which might
best be described as a slight ooze.

An examination of the damaged panels indicated that all three
types of emulsified fuels produced the desired swelling action
in the sealant layer of the panel, and thus emulsified fuels
can be used with conventional self-sealing panels. The
reduced flow for emulsified fuels through the larger tank
wounds is a significant advantage. The extent of the fuel
loss for any particular wound is a function of the internal
tank pressure or liquid head and the shear strength of the
emulsion. The higher the shear strength of the emulsion, the
higher the fuel head that can be resisted before fuel flow
will begin and the lower the flow rate after flow has started.

B. CALIBER .5 RT CONVENT12HAL SELF-SELING PAL

The panels tested were flat panels 18 by 24 inches and the
material weighed 1.1 pounds per square foot. These panels
were clamped between flanges as previously described. All hits
were below the liquid level and had a static head of 4 to 8
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inches, just as the caliber .30 tests had. These panels were
tested with all four fuels in coribination with caliber .50
and 20 mm straight-in perforations by ball rounds, tumbled
caliber .50 ball hits, and functioned caliber .50 API projec-
tiles. No backing board or other internal nr external
support was used with any of these tests.

This conventional self-sealing panel performed very well
when perforated by straight-in hits with caliber.50 and 20
mm bullets. A very nearly instantaneous dry seal was
achieved with each fuel. The mechanical closure of the
wound was nearly complete, and thus only a very small amount
of sealing through the action of the fuel on the gum rubber
layer was needed. All fuels were able to produce the
desired swelling of the sealing layer in the panel.

Tumbled caliber .50 ball rounds produced some seals and some
failures. Failures to produce a seal, when they occurred,
were due to misalignment of the edges of the wound or to
"coring out" of the sealing layer. The liquid JP-4 con-
tinued to flow through this type of tank wound when good
seals were not achieved,but the fuel emulsions generally
did not. All three of these emulsions had sufficient shear
strength to resist continued flow through a slit of this
size under the test conditicns.

The damage caused by functioned caliber .50 incendiary rounds
passing through these panels was always great enough to pre-
vent satisfactory seals in the tests conducted. The damage
'roduced by the cutting action of the bullet jacket com-
Dined with the hydraulic pressure surge and the fire can
cause holes and/or rips in the tank wall which are several
inches across. Figure 70 shows a functioned caliber .50 M-8
API bullet jacket and core which were recovered from one of
these tests. This jagged metal is spinning at a high rate
as it goes through the tank wall and must be expected to
cut quite a gash in even fairly heavy panel materials. The
cut is often expanded by the hydraulic pressure surge which
can rip additional fabric. Figure 71 shows the severe
damage produced by one caliber .50 API round. Damage was
not this extensive on every test, but occasionally even
greater rips were caused. Note that while the panel damage
is far beyond the self-sealing capability of the material,
leakage of the WSX-7165 fuel in the tank is not continuing.
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Figure 70. Caliber .50 H-8 API Bullet Core and Jacket
Recovered From the Test Tank.

Figure 71. Damage to a Self-Sealing Panel Produced by a
Well-Functioned Caliber .50 14-8 API Round
(WSX-7165 Fuel).
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A fire was started on this test but was extinguished with
CO2 prior to this picture.

C. CRASH-RESISTANT PANELS

The crash-resistant panels tested were made of urethane-
bonded nylon fabric material. The material contains no
sealing layer at all and thus it is not a self-sealing tank
material. Panels 18 by 24 inches were used and were tested
in the same manner as the conventional self-sealing panels
previously discussed. The material weighed 0.4 pound per
square foot. These panels were tested by normal perfora-
tions with caliber .30 and caliber .50 ball projectiles and
by functioned caliber .30 and caliber .50 API hits in com-
bination with each of the four fuels.

Since these panels contained no sealing layer, all hits
against liquid-filled tanks produced continued leakage, and
no seals were ever achieved in the strict sense. Normal,
straight-in hits by caliber .30 and caliber .50 ball rounds
produced very small wounds in the panel, and thus no con-
tinued leakage resulted when the emulsified fuels were used.

The damage produced by functioned incendiary rounds was great
enough to produce some continued leakage with all fuels.
With liquid JP-4, the fuel loss rates were very high. When
emulsified fuels were used, the leakage rates varied from
very high to very low. Generally, the stiffer WSX-7165 emul-
sion was more effectively retained, as would be expected, but
some slight leakage did continue even with this fuel.

D. COAGULANT TYPE SELF-SEALING PANELS

The central prrtion of these panels weighed 0.9 pound per
square foot without the liquid coagulant. This type of panel
construction is under continuing development and differs sub-
atantially from other types of self-sealing materials. The
unique feature of this approach is a liquid coagulant layer
on the inner surface of the panel. The coagulant polymer is
carried in a solvent which permits the continued flow of
coagulant toward a wound. While the polymer is soluble in
the chosen solvent, it is insoluble in JP-4; thus, when the
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coagulant solution becomes mixed with fuel, the polymer is
released from solution and can proceed to form a tough plug
in the tank wound. ideally, only enough of the coagulant
solution would flow to the wound to produce the needed coagu-
lant plug, and the remainder would be available to seal sub-
sequent tank perforations.

The panels which were tested were round so that they could
be clamped to the test tank. The central portion of each
panel was about 14 inches in diameter and contained the
coagulant layer. Around this region was a ring of the fabric
and binder buildup without any liquid layer. This could be
punched for bolt holes without releasing any of the liquid.
Two filler ports were provided on each panel.

The coagulant solution was added to the panel just after its
installation on the test tank and before the fuel was placed
against it. The coagulant flowed in the bottom filler hole,
up through the panel, and out through the top hole so that
the panel was completely filled and bubbles eliminated. A
reservoir of about 150 ml. of coagulant solution was con-
nected to the lower filler port because of the limited liquid
volume of the 14-inch circle of the test panels. This simu-
lated the coagulant solution which would be available from
other portions of a complete tank made of this type of
construction.

Three types of coagulant solution weze provided for test.
These were designated as "B", "C", and "D', but details of
their composition are not available at this time. Some tests
were completed with each coagulant type, but most of the
tests were performed with the "C" coagulant. There was no
indication that the "B" and 'D" coagulants formed better
seals than the "C" coagulant used.

These panels were tested in combination with each of the
four fuels and were subjected to normal hits by ball rounds
of caliber .30, caliber .50, and 20 mm sizes; tumbled
entrance and exit perforations by caliber .50 ball rounds;
and functioned caliber .30 and caliber .50 API damage. The
metal test tank shown in Figure 31 was used for all normal
caliber .30 and caliber .50 tests with both ball and API
rounds. The tumbled caliber .50 rounds and the 20 nm rounds
were fired into 2-foot cubical tanks made of a conventional
self-sealing material. A 14-inch circle of the tank material
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was removed, and the self-sealing panel was clamped between

steel flanges in its place. The sides and bottom of the
cube tanks were lightly supported with 1/4-inch plywood,
but the test panel was not supported in auny way.

The panels sealed well against normal, straight-in perfora-
tions by caliber .30, caliber .50, and 20 mm rounds. It
appeared that suitable coagulant plugs formed with this
limited damage. Some question might be raised relative to
the seals with 20 mm perforations, since the cube tanks
failed on the exit side and thus fuel did not stand against
the test panel for very long after the impact. Mechanical
damage to the panels was quite limited, and the coagulant
seals appeared to be adequate to prevent fuel leakage with
liquid JP-4. The emulsified fuels would not have flowed
freely through this type of perforation even if the coagu-
lant plug were not adequate.

Dry seals were generally achieved almost instantaneously with
the caliber .30 and caliber .50 perforations. An examination
of the panels after the tests indicated that most of the
liquid coagulant usually drained from the panel on the inside
of the tank. This produced a considerable coagulant mass in
the bottom of the tank.

The tumbled caliber .50 entrance and exit tests were per-
formed using the 2-foot flexible cubes. Two sheets of 0.090-
inch aluminum set at 38 degrees to the line of fire were used
to induce tumbling of the projectile.

Five tumbled entrance hits produced two apparent coagulant
seals and one of these was with liquid JP-4. A second liquid
JP-4 test failed to produce a coagulant seal. Four exit per-
forations produced two possible coagulant seals, but neither
of these was with the liquid JP-4. Some question relative to
the quality of the coagulant seals achieved alway3 existed
with the emulsified fuels, since they usually did not con-
tinue to flow from the tank even if the seal was not achieved
with the coagulant.

Figures 72 and 73 show the best coagulant plug formed in this
series of tests with liquid JP-4. Figur'3 72 shows the exte-
rior surface of the panel; Figure 73, the interior surface.
Note that much of the coagulant polymer ran down the inside
surface and was not effective.
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Figure 72. Plug Formed on the Exterior of a Coagulant Type
Self-Sealing Panel by the Action of a Tumbled
Caliber .50 Bullet and Liquid JP-4 Fuel.

A

Figure 73. Plug and Leakage on the Interior of a Coagulant
Type Self-Sealing Panel by the Action of a
Tumbled Caliber .30 Bullet and Liquid JP-4 Fuel
(Same Test as Figure 72).
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Vill. CONCLUSIONS

The understanding of the behavior of liquid and emulsified
JP-4 in the aircraft environment which has been gained
through the study and testing conducted on this program
provides a basis for a number of significant conclusions.
It is believed that the data developed in this study are
adequate to support the conclusions, regarding fuel vul-
nerability and related factors, which follow.

1. The WSX-7165 emulsion burns, or is consumed, at a some-
what lower rate than liquid JP-4, MEF, or EF4-104 emulsions
under constant fire surface area conditions. This difference
is greatest at the highest air rates and is believed to be
related to the stability of this emulsion in the fire.

2. The burning rates of all the fuels tested are similar at
air rates below 15 feet per second.

3. Fuel-burning rates increase in proportion to increases in
airflow for liquid JP-4, MEF, and EF4-104 emulsions. The
fuel-burning rate for WSX-7165 increases with increasing air-
flow rate up to 15 or 20 feet per second, but it appears to
be ,:eaching a limiting value at about 25 feet per second.

4. Fuel-burniag rates are independent of air temperature
within the limits of 40oF to ll0OF and may be essentially
independent of temperature over a much wider range.

5. MEF and EF4-104 emulsions require nearly 10 times as long
as liquid JP-4 to form explosive fuel-air mixtures above an
open fuel surface such as that in the test chamber. The WSX-
7165 emulsion requires 100 times as long as liquid JP-4 to
reach the lean explosive limit.

6. The slow vaporization rates which have been demonstrated
for emulsified fuels make tank vapor space protection, through
the use of a ventilating airstream, practical for these fuels.
This type of passive defense is not practical with liquid JP-4.

7. All fuels tested permeate a 4-mil polyethylene bladder at
similar rates.
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8. The venting of tank vapor spaces with air would provide
satisfactory vapor space explosion protection for liquid
JP-4 or any of these emulsions contained within a 4-mil poly-
ethylene bladder.

9. The emulsified fuels tend to cohere longer and to form
larger fuel droplets or chunks than liquid JP-4 following
ballistic impacts or fuel drops onto a hard surface.

10. The geometry of fuel spray patterns formed by the emul-
sified fuels differs but little from liquid JP-4 sprays
expelled from the BRL fuel nozzle or ballistic wounds in
fuel tanks. The differences which were found generally
favor the fuel emulsions from a vulnerability standpoint.

11. The radius of probable fuel ignition is much smaller
for the three fuel emulsions than for liquid JP-4 under the
conditions of the fuel drop tests in this program. This is
true for both electric spark and hot metal ignition sources.
The hot metal surface proved to be a much stronger ignition
source than the electric spark.

12. Friction spark ignition of fuel droplets moving through
the air is difficult to accomplish. While such ignitions are
clearly possible, they are not probable for any of the fuels
tested.

13. Friction spark ignition of a freely vaporizing layer of
fuel on a stationary surface is probable and can be accom-
plished with relative ease for liquid JP-4 and all three
emulsions. The spark stream must be aimed at the fuel sur-
face and be continued for up to several seconds to make such
ignitions very probable.

14. The ignition of fuel sprayed from fuel tanks by ballis-
tic impacts with functioned incendiary ammunition is certain
whenever the incendiary burst is produced in the region just
outside the fuel tank. Continuing fires were initiated by
both caliber .30 and caliber .50 API bullets in combination
with liquid JP-4 and each of the fuel emulsions. It is
important to note that the fires involving emulsified fuels
were generally smaller, less violent, and easier to extin-
guish than liquid JP-4 fires.
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15. Emulsified fuel fires are more easily extinguished than
liquid JP-4 fires with the following extinguishants: water 3
fog, sand, water, and air. Of these four, water fog and
sand are the most practical for use on emulsified fuel fires.
16. Emulsified fuel fires show no significant differences,

when compared with liquid JP-4 fires, in their response to
dry chemical, C02, or liquid foam extinguishants.

17. The MEP, EF4-104, and WSX-7165 emulsions react well with
conventional self-sealing fuel tank materials and may be used
with such panels without any reduction in self-sealing action.

18. The emulsified fuels react satisfactorily with the
coagulant type sealing panels.

19. The emulsified fuels are often retained in severely
damaged tanks which would permit liquid JP-4 to flow freely
from the wound.

20. Emulsified fuels offer opportunities for greater air-
craft survivability from several standpoints. They may best
be employed as a part of a total passive defense system for
aircraft fuel. Such a total system will require crash-
resistant and self-sealing fuel tanks, internal vapor space
protection, and external void protection for spaces around
fuel tanks.
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I.RECOMMEMDATIONS

The following recommendations are offered as guidance tothe future development and application of emulsified fuels~i

and related fuel protection systems.

I. Emulsified fuels for use in aircraft should have the
maximum apparent viscosity or shear strength which is con-
sistent with the fuel-handling components that must be used
to move the fuel from the tank to the combustion unit.

2. Aircraft fuel tanks which are used to contain emulsified
fuels should be equipped with a vent airstream to provide
vapor space explosion protection.

3. Voids which are external to emulsion filled fuel tanks
but internal to aircraft structure should be filled with
foam or other suitable void fillers to prevent or reduce
fuel ignitions by incendiary ammunition.

4. The minimum effective thickness of this void filler
protection material should be determined for specific fuels
and specific filler materials.

5. The shear breakdown of the WSX-7165 emulsion by ballis-
tic impacts is undesirable from a vulnerability standpoint
and should be reduced or eliminated.

6. The very great stability of the WSX-7165 emulsion in a
fire environment is of help in limiting the size and
intensity of fuel fires and can be of direct assistance in
extinguishing an aircraft fire. This property should be
maintained in emulsified fuels for aircraft use.

7. The explosive vapor tests which have been completed
indicate the possibility of some flame-inhibiting effect
with vapors formed from the WSX-7165 fuel. This possibility
should be investigated and exploited to the extent that this
is possible.

8. Emulsified fuels should be contained by crash-resistant
and self-sealing tanks to the maximum extent possible. The
strength of the fuel mass aids confinement in a damaged tank
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but cannot eliminate the need for strong tanks from the pas-
sive defense standpoint.

9. Detailed comparisons of the different emulsified
fuels should be made using emulsions made from the same JP-4
base stock by manufacturing techniques which are the same or
at least closed systems in each case.
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APPENDIX I

BASIC DATA ON FUELS USED IN THE
TEST PROGRAM

The liquid JP-4 used in this test program was purchased from
the Sky Harbor Air Service at the Municipal Airport in
Cheyenne, Wyoming. The fuel was produced by the Frontier
Refining Company in Cheyenne. The shipping report which fol-
lows indicates the source and blend of the fuel, and the
Frontier Inspection Report indicates the specific properties
of this fuel lot.
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The MEF fuel emulsion used in the test program was received
from two sources. The initial shipment was manufactured by
the Monsanto Research Corporation, Dayton, Ohio. This fuel
was used for the burning rate, explosive vapor rate, fire
extinguishing, fuel drop dispersion, and ignition tests; fuel
spray dispersion and ignition tests; and for some of the bal-
listic dispersion and ignition tests. The JP-4 used to make
this fuel was secured from Ashland Oil and Refining Company,
Findlay, Ohio. The fuel inspection data on this JP-4 are
shown on the report form which follows.

An additional shipment of MEF emulsion was received late in
the test program. This fuel was prepared by the U. S. Army
Fuels and Lubricants Research Laboratory in San Antonio,
Texas. This fuel was used for some of the ballistic dis-

persion and ballistic ignition tests. The only data avail-
able relative to this fuel are included in the letter which
follows.

127



TO"& Adib ' Oil'v no
Tesi AowO && dobh -cua ea Due N.......

Ta o SP"s Tak~ Sp&s

-s" No, 'Rail1 Z_ __Ce

OIWIIU, *ANl ~- 5 Caved..,. Airw WA L.... mum

1014 keusa Teemm -,&*...C 0.4

10*..*.~.. - .GWi Wow, Teims .AA g: I
So* -*M a.s o 6b., * s.0s
us* -3 rew., Ausahip, S ...Z& =M.
ILp ..Po. - Bed so~ S-l .afCln

Roft*a ... -L% MW Beat I &J1 Bssewd

La.J Uma Asime ?sdw IJ usu

S emp. @ 2W PV. -0 25m. Amose or. cernm .ZAJ. anm a.
3W A. ..L.. -o Somb. "@" obbs mg- A .&.. I

4P i. ...LL - bad Sod*e VA. but .t u jo.0b.
SW . -a ad. m cealms xgw

~. m ~mn ud e *a ** *-* 0 0 a o a PO am it -5 Ia

Aat~NWbbsusyo absmisssa* c ~ pus UNo

0 be aff" and O~~. le' t da"* -4lms '4Uk /

Iesbsioe2 data relative to the jF-4 used bnoanto Regoarcg Corp. to
prodaae the Luel maeo ALM"pe Yanuau7 25, i947, to ralcon pm.

128



SLOUTHWEST RESEARCH INSTITUTE
9500 CULSIIA RfOAD SAN ANTNIO, TrXAB 710006

June 7, 1967

Mr. George Custard
Falcon Research & Development Co.
Technodyne Division
1441 Ogden Street
Denver, Colorado 80218

Dear Mr. Custard:

We are shipping, via motor freight, four (4) 55-gallon drums of
emulsified JP-4 as discussed with Mr. Bill Nolan of AVLABS for
Contract DA-44-177-AMC-415(T). Each drum of emulsified fuel
was prepared separately, and yield values range from 1000 to
1200 dynes/cm 2 at the time of shipping.

Very truly yours,

R. D. Quillian. Jr., Director
U. S. Army Fuels & Lubricants

Research Laboratory

/ ;/ oh~n N. Bowden

"Senior Research Chemist

JNB:ga

cc: Dr. C. F. Pickett, AMXCC
Mr. Win, 3. Nolan
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The 874-104 fuel used in the program was supplied by the
Air Logistics Corporation of Pasadena, California. The
JP-4 used to make this emulsion was secured from the
Atlantic Richfield Company, Watson Refinery. The laboratory
certificate for this fuel follows.
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AtlantlcRIchflbldCompany
WATMON RKPINMRY

LAUONA1oRY CumnwlAm

DPE TUOZNCZ MEL, AVIATI(N, GRADE JP-4 No 581.
Specifications N!L-T-5624, Ammend. 1

'RmOX tak 165 - 4 Drum - Shipped 5/24/67
DATE TW3O

IN"rrUCIONS OF Air Logistics Cotporation NtOualrl c M 0I. let. #f.1927
3600 XMsL Foothill Boulevard
Pasadena, California

Gravity, OAPI 45-57 55.5
Color, Saybolt -.
Distillation - ISP, OF 152

101 Evap., OF - 19
202 Evap., -F 290 aux. 23
m0! Ivap., -7 370 max. 263
90o Evap., oF 470 umax. 387
Bad Point, O F 465
Residue, % 1.! mam. 1.0
Loss, Z 1.5 min. 1.0

I Evap. 0 400 *7 92
2kistont Ote, 80l100 ma 7.0 mm. 0.8
Potential aim* 11/i00 ml 14.0 am. 2.0
Sulfur, total, % by wt 0.4 max. 0.06
Ksrcasptn Sulfur, % by Vt 0.001 sm. 0.0003
Reid Vapor Pressure, psi 2.0-3.0 2.4
Treesinl Point, *1 -72 maB. -SlOe ,0
Aniline Gravity Product 5,250 min. 7,132
Aremstics, % by vot 25.0 mm. 9.0
Oleftns, % by vol 5.0 m. 0.5
Smoke Volatility index 52.0 mni. 69.6
Corrosion, Ca Strips ASZ1 No. I mam. so. Ia
Water Reaction lb mms. lb
Water Separater Index ModLfied 70 mif. 90
therual Stabilitys Pressure Drop, psi 3.0 rt. 0.0

Preheater Deposit 43 0
hWOIVUS, #/t bblss

Corrosion Inhibitor 4.0-16. 4.25
Antimidsot 6.4 mm. 4.0
Metal Deactivator 2.0 sm. 0.50

Icing Inhibitor, % by vol 0.10-0.1.5 0.116
Particulate Contminant, f4/6al. FOB origin 4.0 sm. 1.14

Cas/s

ec: Mr. 0. a. Dioudomme
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The WSX-7165 emulsified fuel was supplied by the Enjay Chem-
ical Company of Houston, Texas. The fuel batch number and
the laboratory report data for the JP-4 used to produce this
fuel are included in the documents supplied with the fuel.
which follow.
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ENJAY CHEMICAL COMPANY • -
U MTomAN *mhU? - HUON XAYUoil NOWl cmula.
ULIUPtONES CApW tI M. . MOrO Mn. iq UIM !

Aupuat 11, 1967

1r. John 7. wear
Falcon Rearech & Development Caumn
1441j clm, Street
Denver, Colorado 80218

Dear X-. Wear:
The enclosed sheet isot* inspection data for the J164
uned in the, mlified fuel vhich you received Ia late

OCr batch nmber was 2830, manufactuud July 27. It
w ocan be of further servicep please contact us.

Sincere1s,
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Tank A-25 jp-4

Aniline x Gravity 7504
Aniline point 140

Aromatios 11.5% volume

Saybolt color +30

Corrosion test 1k

Doctor test Passes

Freeze point -Nor

Gravity, API 53.5
Zcdstent gum 0.6 0g/100 cc

Potential gum 7.4 mg/lO0 cc

01efins 1.5% volume

Preheater deposit code 1

Pressure drop 0.2

Smoke point 27 -

Smoke volatility index 59.76
sulfur 0.003% wt.

Hereaptan sulfur 0.0001% wt.
Rid vapor pressure 2.8

Water tolerance Passes 0.0 (1)

Initial boiling pt. l4.F

10% 269
20% 276

50% 306

90% 456
F~inal. boiling pt. 3

Recovery 96%
Less 1%
Residue 1%

% Distilled at. 400*7,7
V.5.1 .K. 87
Particulate contaminants 0.8 mg/gal
Santolene C 5 lbs/1000 bbls
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APPENDIX II

ENGINEERING TEST PLANS FOR THE PERFORMANCE
OF PROJECT TASKS

ENGINEERING TEST PLAN NBER 3

FUEL COMBUSTION RATE TESTS

The fuel combustion rate tests are to be conducted in the
following manner:

1. Weigh 1000 grams of fresh fuel into the combustion
container.

2. Place the combustion container in the burn position.

3. Adjust the airflow and air temperature to the
planned values.

4. Set the timer to zaro.

5. Ignite the fuel and start the clock.

6. Record the time when the first 100 grams of fuel
have been consumed.

7. Permit the fire to continue to burn until all fuel
has been consumed; record the time at each 100-gram
increment.

8. Take a photograph of the fuel fire immediately after
ignition and at intervals during the burning process.

9. Take moving picture documentation on selected runs
so that the differences in fuel combustion rates can
be visually noted.

10. Complete three runs for each fuel and test condition.

Test runs will be performed at air velocities of 5, 15, and 25
feet per second and at air temperatures of 400, 700, and 1000r.

Data are to be recorded on the data sheet which is provided.
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NINEEA NG 1§ST PLAN N1MB• R 4

EXPLOSIVE VAPOR FORATIzON RATE TESTS i

The explosive vapor formation rate tests are to be conducted
in the following manner:

1. Weigh the required quantity of fresh fuel into the
container and level the fuel surface if necessary.

2. Place the fuel and container in test position after
determining that there is no residual fuel from
earlier tests.

3. Set the timer to zero.

4. Turn on the stirrer and vent the airstream as
required.

5. Lower the vapor chamber over the fuel and start the

timer. Be sure that all seals are effective.

6. Fire the ignitor at established time intervals.

7. Note the results of each initiation cycle. Note
any changes in temperature during the test.

8. Continue the test until an explosion is achieved,
if this is possible.

9. Since there is a possibility that some combustion of
fuel will take place on ignition tests which do not
produce an explosion, steps 1 through 8 are a pre-
liminary screening test. For the final determina-
tion of the shortest time to reach an explosive mix,
repeat steps 1 through 8. Use as the time of the
fi ignition the time to reach an explosion in the
earlier test less 10 percent.

10. If an explosion is achieved in 9, repeat again with
a subsequent time reduction. If no explosion is
achieved, continue the ignition cycles as in 8.
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11. Repeat the tests until the time to reach an explo-
sive mixture is confirmed by two observations which
do not vary by more than about five percent.

12. Tests involving a bladder material will be conducted
in the same manner as the open fuel tests except
that the fuel will be completely confined in the
bladder. Bladder tests will be continued for a 24-
hour period unless an explosion is produced sooner.

13. Tests involving vent air will be conducted in the
same way with the addition of the measured air-
stream through the chamber.

14. Data will be recorded as called for on the data sheet
provided.
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ENMIUEMO MT PLAN MBER 5

FUEL EXTIGUISHING CHARACTERISTICS

The tests of fire extinguishing characteristics for JP-4 and
the emulsified fuels are to be conducted in the following
manners

1. Set the airflow to approximately 15 feet per second
and the air temperature to about 700F.

2. Weigh the required quantity of fresh fuel into the
container and level the fuel surface if necessary.

3. Place the fuel and container in test position after
determining that there is no residual fuel from
earlier tests.

4. Set the timer to zero.

5. Apply the heat source and ignition source to the
fuel until sustained combustion of fuel is achieved.
Start the timer when heat is first applied to the
fuel.

6. Note on the data sheet the time at which sustained
fuel combustion was obtained.

7. Allow the fuel to burn for 3 minutes to establish
the "standard fire". Photograph this fire just
prior to the start of extinguishment.

S. Weigh the extinguisher. Then apply the extinguish-
ing agent to the "standard fire" at the rate agreed
to prior to the start of the test.

9. When fire is extinguished, stop the timer and the
application of the extinguishing agent.

10. Weigh the extinguisher again to determine the amount
of agent used. For water, fog, air, etc., determine
the rate of application and note carefully the time
period of application.
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11. Secure the following photographic documentation for
each teut:

a. Still photo of fire immediately prior to the
start of extinguishment.

b. High-speed 16 mm color photographs of each fuel
with each extinguishing agent. Camera speed
will be selected for optimum coverage of each
test.

CAUTION: The application of some extinguishing agents may be
expected to cause fuel to be spilled from the pan.
The test personnel must anticipate this and be
certain that spilled burning fuel will not cause
injury to other personnel in the area or to test
facilities.
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ENGINEERING TEST Pk NJMBER 6

FUEL DISPERSION CHARACTERISTICS

The tests of the fuel dispersion characteristics of JP-4 and
the emulsified fuels are to be conducted in the following
manner.

Three types of tests are to be conducted. The purpose of
these tests is to develop comparative data relative to the
physical behavior of these fuels thzough the spray patterns
which result from bullet impacts on fuel tanks and the
splatter patterns which result when fuel is spilled. Com-
parative data relative to droplet size and dispersion pattern
shape and size are to be secured to the maximum extent

practical.

Flat Surface Impact Tests

1. Initial tests are to be performed with JP-4 at a
drop height of 20 feet; other tests will be per-
formed from drop heights of 10 feet and 5 feet.

2. Two hundred and fifty grams of fuel are to be con-
tained in a light plastic film. The shape of the
fuel mass is to be approximately spherical.

3. The fuel is to be suspended by solenoid action over
a suitable flat 3urface at the 20-foot height. The
surface will be of concrete and marked with a grid
pattern.

4. High-speed photographic documentation is to be
secured for each test. An initial framing rate of
2000 frames per second will be used. The lighting
and camera synchronization will be such as to give
the best possible view of the fuel impact and the
resulting spillage and droplet dispersion.

5. Guide wires are to be used to insure that the fuel
mass impacts at a known pIint on the surface.

6. Fuel quantities and camera framing rates will be
adjusted on subsequent shots to insure the best
data record.
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I
7. When satisfactory test results have been achieved

with JP-4, the identical tests are to be performed
using the emulsified fuel so that direct compari-
sons will be possible.

8. Still pictures of test equipment and test results
will be taken for use in a report wherever the
results will be helpful to the reader.

High-speed motion pictures will be taken with black
and White film on preliminary runs and for report
picture purposes.

High-speed motion picture color runs will be taken
of each fuel drop condition after the optimum con-
ditions for the photographing of the tests have
been determined.

9. The following data will be recorded for each drop
test.

a. fuel type
b. fuel weight
c. type of fuel confinement
d. drop height
e. camera framing rate
f. camera f stop
g. lighting conditions
h. film type
i. planned time interval between fuel release

and camera start
J. ambient conditions, temperature, wind, etc.
k. dispersion patterns
1. comments regarding results
m. run number
n. date
o. name of person responsible for data recorded

Fuel Spray Tests

The fuel spray tests will be conducted with the BRL fuel
spray device (an electrically primed caliber .50 cartridge
case with holder, timer, etc.). This device has been shown
to produce a fuel spray which closely approximates, in

p
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quantity, velocity, and dispersion, the spray resulting
from caliber.50 bullet impacts on self-sealing fuel cells.

1. Caliber .50 cartridge cases are to be cleaned
inside and outside prior to use. The mouths of
the cases are to be checked for smoothness and
roundness prior to use.

2. Electric primers are to be carefully pressed into
the cases after used primers have been removed.

3. Cases are to be filled to the brim with fuel and
covered with a small piece of tissue paper to
retain the Ouel in the firing position. Care
should be taken to insure that no air is entrapped
during the filling of the cases.

4. The spray device is to be fired horizontally and
the emerging spray photographed to produce the
best possible photographic image. Particular
emphasis will be placed upon the spray pattern
produced in the first 18 inches beyond the mouth
of the nozzle; however, the pattern to 3 feet or
more will be of some interest. It is probable
that fuel sprays produced within aircraft structure
will strike some internal component within the
first 18 inches of travel; however, there are occa-
sional circumstances where longer spray patterns
are possible. A baffle will be placed at 18 inches
from the nozzle on some tests.

5. Initial tests to develop lighting techniques and to
produce pictures for use in reports will be taken
with black and white film. Followinq these tests,
high-speed color motion pictures will ba taken of
the spray produced by each fuel type.

6. Still pictures of the test equipment will be taken

prior to the start of the tests.

7. The following data will be recorded for each test:

a. fuel type
bb. camera framing rate
c. camera f stop
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d. lighting conditions
e. film type
f. planned time interval between camera start

and nozzle firing
g. ambient conditions, temperature, wind, etc.
h. comments regarding results
i. run number
j. date
k. name of person responsible for data recorded

Ballistic Impact Tests

The purpose of these tests is to evaluate the influence of
fuel type upon the spray produced by ballistic impacts on
several types of fuel cell material which may be used to
contain future aircraft fuels. The performance of conven-
tionrl and newly developed self-sealing materials with emul-
sified fuels will also be determined as a product of these
tests.

The tests are to be conducted in the following manner.

1. Ball ammunition or AP ammunition is to be used for
all ballistic impact tests. Incendiary ammunition
is to be used in later tests involving ignition, but
no incendiary ammunition types are to be used in
these tests since the fires would prevent observa-
tion of fuel spray patterns. Caliber.30, caliber

.50, and 20 mm ammunition will be used.

2. Ammunition will be used at service velocity and a
range of approximately 100 feet for all tests.

3. Test fuel cell panels will be clamped to the test
tank between flanges.

4. The test tank will be 14 inches inside diameter and
36 inches long and will provide for test panels
on the impact and exit surfaces. If tests indi-
cate that a rigid-wall tank imposes too severe a
load on the test panels, with 20 mm rounds,
elastic test tanks will be used.

5. Test tanks will be filled to appzoximately 80
percent of capacity with the fuel to be tested.

143



6. All ballistic inpacts are to be below the liquid
level and at about 1/2 the fuel depth.

7. High-speed motion picture documentation is to be
used with each test. The fuel spray from the
front surface is of primary importance: however,
at least one test of each type will include high-
speed photography of the fuel spray and spillage
from the back of the tank.

Still photographs of fuel leakage and/or test panel
condition will be taken before panels are removed
from the test tank.

8., the following data items will be recorded for each
test.

a. aumunition caliber and type
b. fuel cell material used
c. fuel type
d. camera framing rate
e. camera f stop
f. camera lens used,
g. lighting conditions
h. film type
i. planned time interval between camera start

and power to firing circuit
j•. ambient conditions, temperature, wind, etc.
k. comments regarding results
1. run number
m. date
n. name of person responsible for data recorded
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ENGII4BERING TEST ILAN NUMBER -7

FUEL IGNITION CHARACTERISTICS

The tests of the fuel ignition characteristics of JP-4 and
the emulsified fuels are to be conducted in the following
manner,

Three types of tests are to be conducted. The purpose of
these tests is to develop comparative data relative to the
ignition behavior of these fuels for the types of spray
patterns which result from bullet impacts on fuel tanks and
the splatter patterns which result when fuel is spilled.
Comparative data relative to the fuel spray ignition by four
types of ignition sources are to be secured to the maximum
extent practical. Generally, the flat surface and BRL fuel
spray tests will use the electric spark, hot metal surface,
and friction sparks; the ballistic impacts will employ
incendiary bursts.

Flat Surface Impact Tests

1. Initial tests are to be performed with JP-4 at a drop
height of 20 feet.

2. 250 grams of fuel are to be contained in a light plastic
film. The shape of the fuel mass is to be approximately
spherical.

3. The fuel is to be suspended by solenoid action over a con-
crete surface which has been marked with a grid.

4. High-speed photographic documentation is to be secured
for each fuel type and drop condition at a framing rate
of 2000 frames per second. The lighting and camera
synchronization will be such as to give the best possible
view of the fuel impact and the resulting fuel ignition.

5. Guide wires are to be used to insure that the fuel mass
impacts at a known point on the surface.

6. When satisfactory test results have been achieved with
JP-4, the identical tests are to be performed using the
emulsified fuel so that direct comparisons will be
possible.
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7. The ignitor variation will be performed in the following
ways

a. First, tests are to be run usinq JP-4 with the elec-
tric spark ignition source. (This will be a con-
tinuous AC spark.)

b. From an analysis of the dispersion test data, deter-
mine a distance from the impact point where an igni-
tion is probable. Place the ignitor at this point.

c. Drop the fuel and observe the results.

d. if an ignition occurs, move the ignitor out 1 foot
and repeat the test.

e. If no ignition occurs on the first test, complete
three tests at this location.

f. If the three tests produce two ignitions, move the
ignitor out an additional foot. If less than two
ignitions are produced, complete five tests at this
point.

g. If the five tests show less than 50 percent ignitions,
this will be established as the ignition limit for
the test condition. If more than 50 percent igni-
tions are achieved, again move out 1 foot and repeat
five tests.

h. Repeat steps a through g with JP-4 and the hot metal
surface ignition source.

i. Repeat a through g with JP-4 and the friction spark

ignition source.

j. Repeat all tests (a through i) with the MEF emulsion.

k. Repeat all tests (a through i) with the Ef4-104
emulsion.

1. NOTUi While the electric spark ignition source is
essentially a point source, the hot surface and fric-
tion spark ignitors will be more nearly line or plane
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sources. The line or plane will be oriented in a
plane, which is parallel to the line of drop so that
the distance from impact point to ignitor is clearly
known and not confused by the dimensions of the sur-
face itself.

m. Record all test data which are pertinent on the
attached data form. Use a separate sheet for each
change in fuel, ignitor type, or ignitor location.

Fuel Spray Ignition Tests

The fuel spray ignition tests will be conducted with the BRL
fuel spray device (an electrically primed caliber .50 car-
tridge case with holder, timer, etc.). This device has been
shown to produce a fuel spray which closely approximates, in
quantity, velocity, and dispersion, the spray resulting from
caliber .50 bullet impacts on self-sealing fuel cells.

1. Caliber .50 cartridge cases are to be cleaned inside and
outside prior to use. The mouths of the cases are to be
checked for smoothness and roundness prior to use.

2. Electric primers are to be carefully pressed into the
cases after used primers have been removed.

3. Cases are to be filled to the brim with fuel and covered
with a small piece of tissue paper to retain the fuel in
the firing position. Care should be taken so that no air
is trapped in the cartridge cases.

4. The spray device is to be fired horizontally and the
emerging spray ignited by the ignition sources of interest.
Particular emphasis will be placed upon the ignition of
the spray pattern produced in the first 18 inches beyond
the mouth of the nozzle.

5. Still pictures of the test equipment will be taken prior
to the start of the tests.

6. High-speed motion picture documentation will be taken for
each fuel and type of ignition source.
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7. The ignitor variation will be performed in the follow-
ing ways

a. First, teots are to be run using JP-4 with the
electric spark ignition source. (This will be a
continuous AC spark.)

b. From an analysis of the fuel spray dispersion test
data, determine a Y-distance from the axis of the
fuel spray where an ignition is probable at X-
distances of 6 and 18 inch*s (see data sheet). Place
the ignitor at the selected Y-distance and 6-inch
X-distance.

c. Fire the fuel nozzle and observe the results.

d. If an ignition occurs, move the ignitor out 2 inches
and repeat the test.

e. If no ignition occurs on the first test, complete
three tests at this location.

f. If the three tests produce two ignitions, move the
ignitor out an additional 2 inches. If less than
two ignitions are produced, complete five tests at
this point.

g. If the five tests show less than 50 percent ignitions,
this will be established as the ignition limit for
the test condition. If more than 50 percent igni-
tions are achieved, again move out 2 inches and
repeat five tests.

h. Repeat a through g at the 18-inch X-distance.

i. Repeat a through h with JP-4 and the hot metal sur-
face ignition source.

J. Repeat a through h with JP-4 and the friction spark
ignition source.

k. Repeat all tests (a through j) with the MEF emulsion.

I. Repeat all tests (a through J) with the 3F4-104
emulsion.
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m. NOTE: While the electric spark ignition source is
essentially a point source, the hot surface and
friction spark ignitors will be more nearly line
or plane sources. The line or plane will be
oriented in a plane which is perpendicular to the
spray axis so that the Y-distance from the closest
point on the ignitor to the jet axis is clearly
known and not confused by the dimensions of the
souzce itself.

n. Record all test data which is pertinent on the
attached data form. Use a separate sheet for each
change in fuel, ignitor type, or ignitor location.
Indicate the location, orientation, and size of the
ignitor on the diagram.

Ballistic Impact Ianition Tests

The purpose of these tests is to evaluate the influence of
fuel type upon the ignition of fuel spray produced by well-
functioned incendiary amnunition impacts on several types
of fuel cell material which may be used to contain future
aircraft fuels.

The tests are to be conducted in the following manners

1. Incendiary ammunition is to be used in these tests.
Caliber .30 API, caliber .50 API or incendiary, and 20
mm API rounds are to be used.

2. Ammunition will be used at service velocity and a range
of approximately 100 feet for all tests.

3. Test fuel cell panels will be clamped to the test tank
between flanges.

4. The test tank will be 14 inches inside diameter and 30
inches long and will provide for test panels on the impact
and exit surfaces. If tests indicate that the rigid tank
imposes too much load on the panels, a flexible tank will
be used with 20 mm tests.

S. Test tanks will be filled to approximately 80 percent of
capacity with the fuel to be tested. "
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6. All ballistic impacts are to be below the liquid level
and at about 1/2 the fuel depth.

7. High-speed motion picture documentation is to be used
with each test. The ignition of fuel spray from the
front surface is of primary importance.

Still photographs of resulting firen or of fuel leakage
will be taken before panels are removed from the test
tank. These pictures will be taken as soon as practical
after bullet impact.

8. Aluminum function plates will be placed in the line of
fire and in front of the test tank to insure a well-
functioned incendiary burst in the space where the fuel
spray is expelled from the front surface of the tank.

9. The following tests are to be performed:
Ammunition Fuel Tank Material

Cal. 30 API M-14 JP-4 Conventional self-seal
"N" Crash resistant

"of New self-seal

" 1431 Conventional self-seal

"Crash resistant

"New self-seal
"" F4-104 Conventional self-seal

"6 Crash resistant

"New self-seal

"WSX-7165 Conventional self-seal

"Crash resistant

"New self-seal

Cal. 50 API M-8 JP-4 Conventional self-seal

"Crash resistant
"S em New self-seal

" MU? Conventional self-seal
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Ammunition Fuel Tank Material

Cal. 50 API M-8 MEF Crash resistant

"New self-seal

"EF4-104 Conventional self-seal

"Crash resistant

"New self-seal

"WSX-7165 Conventional self-seal
", "Crash resistant

"I "6 New self-seal

10. The following data items will be recorded for each
test:

a. run number
b. date
c. ammunition caliber and type
d. fuel type
e. fuel cell material used
f. camera framing rate
g. camera f stop
h. camera lens used
i. lighting conditions
J. film type
k. planned time interval between camera start

and power to firing circuit
1. ambient conditions, temperature, wind, etc.
m. comments regarding results
n. name of person responsible for data recorded.
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